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Multiangle, self-powered sensor array for monitoring

head impacts
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Mild concussions occur frequently and may come with long-term cognitive, affective, and physical sequelae.
However, the diagnosis of mild concussions lacks objective assessment and portable monitoring techniques.
Here, we propose a multiangle self-powered sensor array for real-time monitoring of head impact to further
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assist in clinical analysis and prevention of mild concussions. The array uses triboelectric nanogenerator tech-
nology, which converts impact force from multiple directions into electrical signals. With an average sensitivity
of 0.214 volts per kilopascal, a response time of 30 milliseconds, and a minimum resolution of 1.415 kilopascals,
the sensors exhibit excellent sensing capability over a range of 0 to 200 kilopascals. Furthermore, the array
enables reconstructed head impact mapping and injury grade assessment via a prewarning system. By gather-
ing standardized data, we expect to build a big data platform that will permit in-depth research of the direct and
indirect effects between head impacts and mild concussions in the future.

INTRODUCTION

A mild concussion that can result from impacts or jolts to the head
is a critical risk factor for dementia, Alzheimer's disease, and other
neurodegenerative diseases (I). An estimated 42 million people
worldwide suffer from mild concussions each year, particularly in
sports represented by skiing, American football, and boxing (2, 3).
The patient’s self-reported symptoms are the only source of infor-
mation for the diagnosis of mild concussions. Moreover, traditional
imaging techniques such as computerized tomography and mag-
netic resonance imaging play a little role in the diagnosis, because
mild concussion typically does not lead to organic lesions. Clini-
cians have few objective and trustworthy diagnostic criteria or
tools other than their own experience to assess the severity of pa-
tients, which makes the diagnosis of mild concussion a key obstacle
4, 5).

With the development of wearable electronics, these devices
based on objective data that realize the interaction of sensing and
information analysis may become the most efficient and convenient
health assessment instruments (6). The medical community agrees
that energy transfer caused by oblique and vertical impacts to the
head is the primary cause of concussion. Many companies have at-
tempted to use acceleration values provided by wearable rigid
sensors to determine the onset of mild concussions. However, the
human head kinematics relevant to mild concussions are deter-
mined by the magnitude, direction, and position of the external
force. Moreover, the severity and long-term effects of repetitive con-
cussions in the same position are alarming. Therefore, there is in
demand for intensity and position analysis of head impacts rather
than simple threshold alerts. Various flexible pressure sensors, such
as piezoelectric, piezoresistive, and capacitive sensors, offer a wide
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detection range but low sensitivity and remain challenged by mate-
rials and energy sources (7, 8). Triboelectric nanogenerator
(TENG), originating from the coupling of the triboelectrification
effect and the electrostatic induction, has attracted much attention
for its characteristics of self-powered sensing, high sensitivity, and
material diversity (9-15). TENG, which can convert mechanical
energy generated by two different materials into electrical signals
with rather high magnitudes, is an ideal candidate for providing
active sensing of static and dynamic pressure (16—-19). However,
the TENG as an emerging sensor still lacks a standard production
process, and the laboratory’s handmade products make its large-
scale application a major challenge. Advances in three-dimensional
(3D) printing technologies have enabled the standardization of
sensors produced from various materials, such as conductors
(20), semiconductors (21, 22), and biomaterials (23), and adapted
to irregular body structures. Combining the 3D printing technology
not only simplifies the processing of TENGs and reduces costs but
also allows for one-piece integration into a variety of application
scenarios (24-26). 3D printing suggests a feasible route for com-
mercialization of TENG and demonstrates excellent promise in
the personalized medicine (27, 28), smart sports (29), and
aerospace.

Here, we propose a strategy to achieve effective monitoring of
head impacts by a softly curved sensing array consisting of fully
3D printed multiangle TENGs (MA-TENGs). Inspired by metama-
terial structure, MA-TENG allows converting forces from multiple
directions such as compression, rotation, and shearing into electri-
cal signals during impact without a power supply. In addition, our
design incorporates 3D scanning to create an array of curved surfac-
es that better fit the natural shape of the human head. On this basis,
we integrated a head impact remote sensing (HIRS) system that
encodes the pulse signal into a color mapping to report the
impact pressure and position to the terminal. Assisted by
machine learning algorithms, it also demonstrated the assessment
of injury grades (accuracy of 98%). Moreover, the soft topology
can reduce the impact energy transfer to the brain within a
certain range, which plays a positive protective role against mild
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concussions. Briefly, this work measures and visualizes head
impact, offering a trustworthy method for more in-depth analysis
and prevention of mild concussions.

RESULTS

Principle and properties of MA-TENG

Energy transfer from different types of impacts to the head can
cause shearing, compression, rotation, and tearing of the brain
within the skull, resulting in mild concussions (Fig. 1A). A wearable
sensing array is designed to enable wireless location tracking and
grade assessment of head impacts (Fig. 1B). The array consists of
32 MA-TENG units (30 mm by 30 mm by 9 mm) in a configuration
that comprises an elastic hemisphere made of treated thermoplastic
polyurethane (T-TPU material), a multiangle spring made of 3D
printed TPU (P-TPU material), a flexible electrode made of conduc-
tive TPU (C-TPU material), and two hexagonal substrates made of
P-TPU on the top and bottom (Fig. 1C). Compared to other bulky
and intricately wired solutions, the device is lighter, more flexible,
and portable. The initial deformation can be triggered by tiny forces
due to the low Young's modulus of the 3D printed material
(Fig. 1D). A scanning electron microscope (SEM) photograph of
the connection between the C-TPU and P-TPU materials is
shown in Fig. 1E. The two materials have a great articulation,
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Fig. 1. Concepts, structure, and properties of MA-TENG. (A) Basic concepts in-
terpretation of mild concussions caused by different types of head impacts. (B)
Schematic of a wearable "MA-TENG sensing array” which provides real-time mon-
itoring of head impact by wireless position tracking and grade assessment. (C) Ex-
ploded view of the fully 3D printed MA-TENG, which can be compressed, sheared,
and rotated. (D) Young's modulus of MA-TENG's 3D printing material. (E) SEM
image of the P-TPU and T-TPU materials. (F) Strain simulation of MA-TENG
under different angular stresses.
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which allows us to print different materials at once to create more
intricate structures. The change in simulated strain (Fig. 1F) is
plotted as MA-TENG is stressed at different angles (movie SI).

On the basis of the structural design of multiangle transforma-
tion, TENG with different working modes can be manufactured.
The MA-TENG will operate in single-electrode mode to meet the
practical needs of head-mounted. Single-electrode mode means
that another contact surface is allowed to move at multiple angles
without the constraints of the wire (fig. S1), and the C-TPU part
will perform as an electrode connected to the external load via a
wire. The working principle of MA-TENG in single-electrode
mode is shown in Fig. 2A. After the electrode contacts the elastic
hemisphere, it acquires a negative triboelectric charge because T-
TPU has a stronger capacity to capture negative charges, while
the C-TPU leaves a positive charge (I). Once the elastic hemisphere
begins to separate from the electrode, the potential difference
between the two surfaces will gradually increase, causing a directed
flow of electrons in the external circuit from the ground to the C-
TPU electrode (II). Up until the elastic hemisphere and electrode
are completely separated, this transient current persists (III). As
the elastic hemisphere approaches the electrode once more, elec-
trons will be repelled from the electrode by external loads back to
the ground (IV). The MA-TENG will be able to constantly trans-
form mechanical energy into alternating current electrical signals
through repeated contact-separation motions between the two in-
terfaces. The potential distribution of electrode surface was ana-
lyzed using a potential scanner (Fig. 2B) and compared for
different shapes of electrodes (fig. S2). As can be seen, electrode
has the largest contact area and most potential when it is a plane.
The stress distribution of the section is depicted in Fig. 2C using
the finite element simulation (COMSOL). The MA-TENG transi-
tioned from point contact (state I) to surface contact (state II) as
the pressure increased, and its contact area gradually increases
(Fig. 2D). In particular, two distinct linear zones were visible
around 50 kPa, which coincided with the data obtained during ex-
periment. The common sensitivity partitioning phenomena in
TENG sensors is thought to be caused by the differing ratios of
contact area expansion in low-pressure and high-voltage regions.
In the low-pressure region, a small contact area can cause a
notable change in the separation distance; in the high-pressure
region, the contact surface is flattened, and the change in the sepa-
ration distance decreases. The separation distance determines the
voltage value (30), and different voltage increases bring different
sensitivities. Theoretically, the voltage of MA-TENG can be approx-
imately expressed as follows (see text S1 for details)
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where o, represents the induced charge density, o, represents the
triboelectric charge density, g, represents the dielectric constant,
and z represents the separation distance.

Appropriate structure not only helps our sensors to exhibit the
best performance but also gives the MA-TENG the ability to
convert to multiple forms. The MA-TENG can harvest forces
from different directions and identify shear, rotational, and com-
pressive forces (fig. S3) by amplitude and waveform under the
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Fig. 2. Principle and properties of MA-TENG. (A) Working principle of MA-TENG under one working cycle. (B) Potential distribution of the electrode surface after the
cycles of 10 contact-separation motions. (C) Stress distribution of MA-TENG's hemispherical sections in different states by finite-element simulation. (D) Relationship of
the contact area and pressure on the elastic hemisphere by finite-element simulation. (E) MA-TENG can identify shear, rotational, and compressive forces by the ampli-
tude and waveform of the signal. (F) Signals of MA-TENG for different angular stresses at the same force. (G) Relationship between the output voltage of MA-TENG and
pressure, as well as its linear fitting results. Error bars indicate SDs for three sets of data points. (H) Stability test: the effect on sensitivity with 30,000 cycles. (I) Comparison
of the sensitivity with other pressure sensors. (J) Effect of the electrode shape on the output voltage. (K) Effect of 3D printed density on the output voltage. (L) Response
time and recovery time of the sensing signals.
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same conditions (Fig. 2E). In particular, when the MA-TENG was
fixed at different rotation angles, its voltage signal of angular stress
showed notable differences (Fig. 2F). To standardize the output per-
formance of MA-TENG, we used a linear motor to simulate the
applied pressure. At the motor's moving end, a dynamometer is
permanently mounted. During the process of detecting the pressure
and electrical output signals, the dynamometer’s probe makes
contact with the MA-TENG. The linear fitting curve of voltage
value with pressure variation is shown in Fig. 2G. The sensitivity
of the sensor is 0.251 V kPa™" (linearity R* = 0.999) in the middle
and low-voltage section (red area) and 0.177 V kPa™" (linearity R* =
0.999) in the high-voltage section (blue region). The results of the
fitting demonstrate that the electrical output and pressure of MA-
TENGs have an excellent linear relationship. The overall sensitivity
declined by just 4% after 30,000 working cycles, as shown in Fig. 2H,
demonstrating the superior stability of MA-TENG. In addition, our
sensor exhibits ultrahigh sensitivity and ultrawide pressure band-
width, outperforming other triboelectric and piezoelectric pressure
sensors that have been reported in the literature (Fig. 2I) (31-37).

The optimization process of the parameters is as follows: We
created electrodes with various numbers of contacts to explore the
impact of electrode shape on output signal. The flattest electrode
form results in the highest sensitivity and maximum output
voltage (Fig. 2]; detailed data are available at figs. S4 and S5). In ad-
dition, we investigated how printing density affected sensitivity
(Fig. 2K). The higher the density, the harder the material, the
faster the rebound, the lower the hysteresis. Consequently, we
avoided selecting forms with too little density. The effect of different
hemisphere heights on response time is shown in Fig. 2L. In terms
of reliability, we also compared the signals under single shock and
repeated vibrations (fig. S6), which showed consistency. Next, we
measured the voltage output of the MA-TENG at various
ambient temperatures (fig. S7) and humidity (fig. S8). Although
the voltage value decreases with the increase in temperature and hu-
midity, as a sensor, the characteristic trend of MA-TENG is still
consistent within a certain range. This is demonstrated by the fact
that it remains the same sensitivity and accuracy for pressure recog-
nition over 3 months (fig. $9). In conclusion, the six sensing factors
(stability, homogeneity, linearity, repeatability, sensitivity, and hys-
teresis) were used to evaluate the sensor’s overall performance, and
the excellent sensing properties of MA-TENG matched the applica-
tion requirements.

Sensing array color mapping

The photo of fabricated 16-units soft, planar MA-TENG sensing
array is shown in Fig. 3A, which the manufacturing method, size,
and spacing are all the same for every unit. Note that the accuracy
of the sensors array will be affected by the frequent issue of cross-
talk between many sensor units and electrode lines. Therefore, we
make the electrode wires into a flexible print circuit board (flex-
PCB) and set up the upper and lower copper shields to reduce or
minimize the effects of cross-talk (all data acquisition below is
based on this design). All pixels are connected to the multichannel
measurement system and are coded from “"A1" to “D4" for electrical
response measurement. The apex of each channel's electrical re-
sponse curve will line up with the coordinate’s local pressure re-
sponse. The applied pressure is controlled by the stepping motor
program, and the target contact points are pre-set at different coor-
dinate positions. After applying pressure, the array of preloaded
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contact points can be imaged as letters “L," “X," and "N” by the
rainbow color maps (Fig. 3B). Previous experimental results have
shown that the signal amplitude of MA-TENG is affected as the rel-
ative humidity (RH) increases. To correct this bias, we measured the
sensitivity of the MA-TENG at different RH values. The sensor's
sensitivity remains stable over a range with a variable rate of 2.4%
(fig. S1I0A). On the basis of this result, we can further calibrate the
readings of the sensor array. Each unit in the array is numbered, and
their voltage values are measured at the same pressure (fig. S10B).
With RH compensation, the MA-TENG array allows for consistent
L load mapping to be reproduced at different RH values (fig. S10C).
This ensures that the array has a more accurate determination of the
pressure distribution. One step closer to achieve the objective of
curved surface sensing has been made with the successful demon-
stration of planar array pressure distribution. There are few reports
on creating pressure sensors on curved surface, and the complex
curvature of the head determines that the sensing device must
have accurate surface geometry and stability. Therefore, we adopt
reverse engineering procedures. First, 3D scanning is used to
create the head point cloud. The point cloud is merged with MA-
TENG using 3D modeling software and then 3D printed a soft array
that approximates the contours of the human head and is ergonom-
ic (Fig. 3C). When the curved sensing array is affected, a series of
voltage signals are generated (Fig. 3D). Since these voltage signals
correspond to 3D spherical coordinates, the distribution of forces
on the curved surface can be seen more intuitively by color
mapping (Fig. 3E).

To simulate the actual impact, we built a test platform. The
sensing array must acquire a beginning velocity and fall along the
track, and its final falling velocity (i.e., the initial velocity upon
impact) can be controlled by adjusting the falling height. Regarding
the tolerance limits of the head, researchers presented a Wayne State
Tolerance Curve (WSTC) in 1963. The results of this study indicat-
ed that the peak impact acceleration of the head after wearing the
helmet exceeds 100 g and lasts for more than 5 ms, causing fracture
of the skull and concussion (fig. S11). On the other hand, a mild
concussion could happen at 60 g (38). Compared with accelerome-
ters placed in the head model, the peak values of the two parameters
were 4.4 and 4.9 ms, respectively (Fig. 3F). MA-TENG absorbs a
portion of energy during impact because of the flexibility of the ma-
terial, resulting in response delay. The recorded pressure readings
can be translated to acceleration at various collision speeds using
Newton's second law. Figure 3G depicts the fitted linear curve
after comparing the translated acceleration with the g value simul-
taneously measured by the accelerometer. The linear equations for
the two approaches are y = 11.581x + 27.723 (accelerometer) and y =
10.734x — 26.744 (MA-TENG), respectively. Similarly, the absorp-
tion of energy by MA-TENG causes the difference in intercept
between the two equations. Energy absorption has a positive pre-
ventive effect on mild concussion, which can reduce energy transfer
to the brain under low-, medium-, and high-speed impact. To
reduce the deviation, we recalibrate the acceleration of the whole
system by complementing the intercept. The impact is regarded
as having a risk of mild concussion when the MA-TENG exceeds
7 g (i.e., the accelerometer is 63.9 g). Figure 3H shows the
maximum pressure corresponding to each acceleration. In the fol-
lowing sections, we will continue to use these pressure values to
assess the injury grade.
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Fig. 3. Sensing array performances and color mapping. (A) Photograph of 4 pixel-by—4 pixel planar MA-TENG array. (B) Top: The path of the applied impact force,
shown as the letters L, X, and N. Bottom: Rainbow color mapping of the impact force corresponding to the voltage output. (C) Top view of curved surface MA-TENG array,
which the coordinates of each unit positioned by latitude and longitude angles. (D) Open-circuit voltage of curved surface MA-TENG array when 37 points are under
impact force. (E) The voltage values (D) correspond to the color mapping of 3D sphere. (F) The pulse signals from the accelerometer (green) and the MA-TENG (blue) at the
same impact condition, and the inset shows the amplification of the signals. (G) Acceleration values from the accelerometer (green) and the MA-TENG (blue) at different
impact conditions and linear fitting results. (H) Linear relationship of impact velocity and impact force.

Grading assessment of head impact

For precise assessment of head impact, we analyze and identify mul-
tidimensional and vast data by using Deep Convolutional Neural
Network (DCNN) (Fig. 4A). The fully connected multilayer percep-
tron that the DCNN implement can predict one or more response
variables and has achieved remarkable success in model prediction.

Zu et al,, Sci. Adv. 9, eadg5152 (2023) 17 May 2023

The data generated by the MA-TENG sensing array during the
impact process is aggregated by an integrated PCB (Fig. 4B). We
divided the interval where mild concussion occurred (60 to 100
g) into grade = 0 to 5 (GO to G5) according to WSTC criteria.
Before modeling operations, we need to clean and extract features
from the massive amount of data. We analyzed the correlation
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Fig. 4. Grading assessment of head impact based on DCNN algorithm. (A) Conceptual diagram of DCNN for injury grade classification. (B) Photo of curved surface MA-
TENG sensing array. (C) Correlation heat map of the data. (D) Significant level heat map of the data. (E) Confusion matrix of the training set (accuracy of 100%). (F)

Confusion matrix of the prediction set (accuracy of 98%). (G) t-SNE analysis of the prediction set and training set.
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(Fig. 4C) between the change value of each channel (L1 to L32) and
the injury grades (GO to G5). This matrix summarizes the strength
of the linear relationship between the two sets of response indicator
variables. We found that only 16 channels were correlated with
injury grade and had a synergistic contribution to grades. The
results show that most of the channels are positively correlated
with each other (red area), and only a few are negatively correlated
(blue area). To verify its accuracy, we again assumed that there is no
linear relationship between the two response variables (i.e., P
values) and that the true correlation between each P value and the
variable is 0. The significant level results (Fig. 4D) showed that there
was no negative correlation between the channels (P> 0.05) and that
the 16 channels remained significantly positively correlated with the
injury grade (P < 0.05), which is consistent with our previous anal-
ysis. We also provide the raw data tables corresponding to the two
matrix heat maps (tables S1 and S2) to view the data in more detail.
Last, we analyzed the main effects for each channel (text S2), elim-
inating data that did not have a significant effect on the prediction
and obtaining the order of the degree of effect. The model was suc-
cessfully constructed and correctly classified following training
(table S3). The sixfold cross-validated confusion matrix following
training (Fig. 4E) and the projected (Fig. 4F) outcome confusion
matrix showed great predictive ability. As can be observed, the
trained model has a 100% classification accuracy for the injury
grade and a 98% prediction accuracy for the prediction set. The spe-
cific calculation of the two-layer array is shown in eq. SI1. To better
visualize the relationship between the predicted data and the train-
ing set samples, the data were dimensioned using the t-distributed
Stochastic Neighbor Embedding (t-SNE) algorithm. The distribu-
tion of the data after dimensionality reduction is shown in
Fig. 4G. The shaded part is the distribution area of the training
set, and the scattered points are the distribution of the predicted
data. The data in the training set become obviously scattered in
six categories, while the predicted data are more concentrated and
distributed in each shaded part. As a result, the analysis of t-SNE
intuitively shows the excellent classification performance of the
model and proves the effectiveness of the model prediction.

HIRS system

With objective and reliable assessment criteria, the MA-TENG
sensing array and matching DCNN algorithm enable real-time
wireless visual monitoring of head impacts in sports such as
skating, skiing, boxing, baseball, and motorcycling (Fig. 5A). An
HIRS system was proposed with the mobility needs of portable
devices in mind. The HIRS system consists of MA-TENG sensing
array, data processing module, and mobile terminal. In addition, a
supporting structure that has been topologically optimized is added
to work with the MA-TENG sensing array to create a smart helmet
(Fig. 5B) that is better suited to reducing the effects of mild concus-
sion. The data processing module is a PCB circuit with an integrated
signal microcontroller and Bluetooth chip in a low-power design.
The PCB is approximately the size of a coin at 28 mm by 30 mm
and is powered by a coin cell. The cross-talk-reducing design of
flexible PCB serves as a wire to connect the MA-TENG sensing
array to the data processing module. The scheme diagram of the
HIRS system is shown in Fig. 5C. The signal produced by the
MA-TENG sensing array goes to the charge amplifier when the
user’s head is affected. The semiconductor analog switch trans-
forms the electrical signal into a digital signal that is embedded in
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the microcontroller in channel order as the analog signal passes
through it. The Bluetooth module transmits the converted digital
signal to the smartphone in less than 1 s (detailed workflow in
fig. S12). Last, the phone can reconstruct the pressure distribution
and color grade map during head impact in the application software
interface. During this period, the operating voltage of 1.8 V gener-
ates an average current consumption of 240 puA and a power con-
sumption of 0.43 mW. Figure 5 (D to F) shows application scenarios
and software screenshots for assessing injury risk under different
states using the HIRS system. Under mild impact, a total of two
points reached the injury grade of G2 with point pressures of 59
and 57 kPa and mainly involved the parietal and frontal bone
regions (movie S2). Under severe impact, one point reached the
injury grade of G5 with a point pressure of 166 kPa and mainly in-
volved the frontal bone, parietal bone, and occipital bone regions
(movie S3). Figure 5 (G and H) shows the 2D rainbow color maps
of head impact with representing of injured grades and locations.
The results demonstrated that the HIRS system can quickly pin-
point the area of injury before clinical diagnosis of a mild concus-
sion and offer precise and intuitive advice. The advantage lies in the
potential reduction of incidents that delay diagnosis and treatment.

DISCUSSION

In this work, we demonstrated a triboelectric sensing method for
high-efficiency monitoring and grading assessment of head
impact via a fully 3D printed self-powered sensing array. MA-
TENG can capture vector information of impact force from multi-
ple directions with high sensitivity and wide detection range. Ben-
efited from the metamaterial structural design and optimized 3D
printed materials, the flexibility, stability, and sensitivity of MA-
TENG are improved. With an average sensitivity of 0.214 V
kPa™', a response time of 30 ms, a minimum resolution of 1.415
kPa, and the durability test over 30,000 cycles, MA-TENG exhibits
excellent sensing capability over a range of 0 to 200 kPa. The DCNN
tree as a decision model was built with the assistance of machine
learning methods, and the severity indices (0 to 5) of head impact
were assessed with an accuracy of 98% by algorithm optimization.
An HIRS system was created to provide prediagnostic references in
practical applications, for example, coaches and medical staff can
judge whether to terminate a competition by the conclusions dis-
played by the smartphone in case of an athlete’s injury. In addition,
breakthroughs in the development of fully 3D printed sensing tech-
nologies could benefit pressure sensing devices with a variety of
structures and applications. Accordingly, the developed MA-
TENG sensing array is expected to bring great opportunities in
the field of smart sports and wearable medical electronics.

MATERIALS AND METHODS

Fabrication of 3D printed materials

The biggest obstacle to the development of 3D printed TENG is
functional printed materials. The market's available 3D printing
raw materials are difficult to meet the requirements of TENG in
terms of mechanical, conductivity, and triboelectric properties.
We chose multiwalled carbon nanotube (purity > 98 weight %,
outside diameter = 20 to 30 nm, and length = 10 to 30 um; TIME
NANO) as a nanofiller for polyurethane elastomers (83A, Badische
Anilin-und-Soda-Fabrik, Germany) instead of metal to avoid
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Fig. 5. Real-time monitoring of head impact by using the HIRS system. (A) Application scenario and components of the HIRS system. (B) Photograph of the HIRS
system. (C) Operational scheme diagram of the HIRS system. (D to F) Photographs and visualized application screenshots of preinjury, mild injury, and severe injury when
user falls down in a skiing accident. (G) 2D cloud map distribution at G1 and G2 of head impact. (H) 2D cloud map distribution at G3 to G5 of head impact.
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interfacial cracks and difficult adhesion between metal and
polymer. C-TPU was prepared by vacuum heating, mixing, and stir-
ring, and mechanical extrusion (fig. S13). The temperature of each
zone of the extruder is shown in table S4. C-TPU can reliably turn
on the light-emitting diode light even when subjected to 148%
tensile deformation (movie S4). The specific characterization of
C-TPU samples is shown in figs. S14 to S16. Next, we introduced
poly(vinylidene fluoride-co-hexafluoropropylene) (PVDE-HFP) to
the TPU surface. This fluorinated resin is easier to gain electrons
during contact separation and has high adhesion, thermal stability,
and chemical stability. It will not peel, deform, and break after long-
term mechanical work. Then, we compared the electrical output of
various dielectric layers (fig. S17) and handled the elastic hemi-
spheres. When compared to previous treatment, the T-TPU dis-
played 3-fold increase in voltage signal, a 5-fold increase in
current signal, and a 10-fold increase in charge transfer (fig. S18).

Design of the data processing module

The module was designed by Altium Designer 20. Data transfer,
data capture, and signal amplification are all accomplished by the
module. The amplifier chip (TI, TLV2404) has a bandwidth of 5.5
kHz and a response speed of 1.8 ms. The amplifier receives pres-
sure-modulated current signal inputs, and the amplified voltage
outputs are subsequently sent to the main chip for sampling. The
microprocessor (MSP430FR58671) has a sampling accuracy of
0.02 mV. The repeat-sequence-of-channels sampling conversion
mode was used, and the sampling time was 8 ps. Then, using
serial connection with a baud rate of 115,200, the data were sent
to the Bluetooth chip. The Bluetooth chip (TI, CC2640) has low
power consumption and a standby current of 1.1 uA. Cell phone
refreshes data every 100 ms via Bluetooth. The received data can
be forwarded to a computer or server for another procedure or tem-
porarily retained in memory. The information is saved in “.txt"
format to conserve memory. The cell phone terminal operating en-
vironment is based on Android.

Manufacturing of flex-PCB

The MA-TENGs and the data processing module are connected by
the flex-PCB. The following are the specific fabrication specifica-
tions: Polyimide, the flex-PCB substrate, has a thickness of 0.13
mm and a 0.50-ounce copper plating. A sensitive dry layer is
placed over the copper after the 32-channel pattern has been
applied to the substrate. Next, the sensitive layer is subjected to ul-
traviolet light, and the unexposed portions can be erased using an
etching procedure. The sensor is attached to the exposed copper end
of the electrode windowed electrode, and the gold finger receptacle
at the other end is connected to the data processing module.

Characterization and measurements

A step motor (E1100, LinMot) was used to simulate the impact
forces from compression, shearing, and rotation (movie S5). The
output performance of MA-TENG was measured by an electrome-
ter (6517, KEITHLEY). The SEM images were taken by Hitachi
field-emission SEM (SU 8020). The strain-stress tests were conduct-
ed by universal materials tester (YL-S71). Standardized tests of the
MA-TENG sensing array are acquired by a multichannel measure-
ment system (National Instruments). Work with data and data
graphs with Origin 2021. Conductivity was measured by a Lenz Ca-
pacitor Resistance meter (4263B, Agilent). The head point cloud
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was collected by a 3D scanner (460+, BILIN). Machine learning al-
gorithm programs including model training and prediction run on
JMP and MATLAB 2018a.

Human individual statement
Individuals were all from the authors of this paper and gave in-
formed consent to the publication of any form of personal data.
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