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Body sensor networks based on flexible 
topological clothing
 

Zhipeng Li    1,2,9, Zhu Liu    3,9  , Zhen Wang3, Yikuan Deng    3, Shuihua Yang    2, 
Jianfeng Chen2, Qihang Zeng2, Yuzhe Zhong4, Haitao Yang4, Ze Xiong    5, 
Xi Tian    6, Gaosheng Li    7, Yang Chen    8, Hui Jing    3  , John S. Ho    2 & 
Cheng-Wei Qiu    2 

Body sensor networks wirelessly interconnect multiple on-body sensors 
using metamaterials that are capable of supporting microwave near-field 
or surface-wave propagations. However, the design of such networks is 
typically restricted to one-dimensional unit-cell structures. Topological 
metamaterials are often used in photonics applications such as lasers and 
photon sources, but their integration with biological systems remain limited 
due to low flexibility, high bending loss and high energy dissipation in 
biological environments. Here we report flexible topological metamaterial 
clothing that can provide robust biosensing networks on the human body. 
The approach is based on two-dimensional topological modules fabricated 
from thin metallic conductive textiles. The resulting topological edge states 
improve on-body signal transmission by over three orders of magnitude 
(more than 30 dB) compared with conventional radiative networks, and 
can maintain performance under various bending angles. The modular 
design allows reconfiguration by varying the combination of topological 
phase modules. We show that the topological clothing with interconnected 
biosensors, and enhanced with machine learning algorithms, can 
monitor vital signs during exercise with an over two orders of magnitude 
improvement in signal-to-noise ratio and a threefold increase in accuracy 
compared with a system without topological clothing.

The topology degree of freedom is of use in wave manipulation, pro-
viding capabilities that lie beyond conventional device designs1–5. Gov-
erned by symmetry-protected topological order, topological devices 
feature non-trivial bands and topological boundary modes6–8. These 
designs are commonly used in photonic metamaterials, unlocking 
exotic wave phenomena such as robust, defect and disorder-immune 
waveguiding9–11 and offer practical applications in lasers and photon 
sources12–16. However, the integration of topological metamaterials 
with biological systems, particularly the human body, remains limited 
due to challenges such as low device flexibility, high bending loss and 
high energy dissipation in biological environments17,18.

Flexible interfaces between metamaterials and biological systems 
could, however, be of use in healthcare technologies19. Of particular 

interest are body sensor networks, which wirelessly interconnect 
multiple on-body biosensors using metamaterials capable of sup-
porting microwave near-field or surface-wave propagations20–22. The 
networks are energy efficient and resistant to eavesdropping, and dem-
onstrated improved sensing performance compared with single-node 
systems, enabling multi-vital-sign monitoring and closed-loop 
therapies23–25. However, the design of sensor networks commonly 
relies on one-dimensional unit-cell structures such as coil relays or 
spoof surface plasmon waveguides22–28.

In this Article, we report flexible topological clothing that pro-
vides robust biosensor networks for vital-sign monitoring during 
exercise. We design the topological clothing using a planar valley 
topological model and fabricate two modules with opposite-signed 
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distinct topological phase modules, offering high design flexibility 
for diverse on-body applications (Fig. 1e).

System design
Wireless wearable biosensors are essential components in physiologi-
cal monitoring and modern healthcare systems. Interconnecting these 
devices across different anatomical regions enables comprehensive 
mapping of spatially distributed physiological signals on the human 
body. Conventional wireless body sensor networks rely on electromag-
netic fields and over-the-air communication technologies, which are 
energy-intensive and susceptible to external interception. To address 
these challenges, electromagnetic surface waves—primarily spoof 
surface plasmon waves and magneto-inductive waves—have been 
explored for transmitting signals along the body surface rather than 
radiating into free space22–28, thereby improving energy efficiency and 
data security. However, current implementations of wireless body 

valley Chern numbers using metallic conductive textiles (Fig. 1a). 
Wireless links are formed by topological edge states at the interface 
of two distinct modules, which are located below the light cone in the 
band diagram (Fig. 1b,c). Unlike conventional topological photonic 
crystals, the topological edge states in our planar metallic structures 
manifest as plasmonic surface waves, which reduces bending loss 
(Fig. 1d).

When conformally attached to the human body, the topological 
clothing can enhance transmission efficiency by over three orders of 
magnitude (>30 dB) compared with conventional radiative networks. 
We show that the topological clothing with interconnected biosensors, 
and enhanced with machine learning algorithms, can monitor vital 
signs during exercise with over two orders of magnitude improvement 
in signal-to-noise ratio (SNR) and a threefold increase in accuracy 
compared with systems without the topological design. Our modular 
design also allows reconfiguration by varying the combinations of 

Topological
clothing

Wavenumber (π/a)

Fr
eq

ue
nc

y 
(G

H
z)

0 1

4

2

0

Edge state

0 1

log |Ez| 
(a.u.)

Tissue

Tissue

Air

Air

Air

CH3

CH4

CH5

CH1

CH6

CH2

Hub

Hub

CH1 CH4

CH1
CH4

Hub

W
ith

ou
t t

op
ol

og
ic

al
cl

ot
hi

ng
W

ith
 to

po
lo

gi
ca

l 
cl

ot
hi

ng
 

Va
lle

y–
H

al
l 

ph
ot

on
ic

 c
ry

st
al

Interface

Module A

Module B
Unit
cell

Data
hub

Sensor
nodes

a

d

e

b

a

c

...
...

...
...

Edge state

...
...

x

y

z

x

z Dielectric pillars

Fig. 1 | Flexible topological clothing on the human body. a, Illustration of 
topological clothing and interconnected biosensors by topological edge states. 
The topological clothing consists of two modules (module A, red triangle; 
module B, blue triangle) with distinct topological phases. The edge state emerges 
when the two modules are interfaced (yellow shaded area). Inset: the designed 
wave propagation directions (white arrows). a: unit-cell length. Scale bar: 
50 mm. b, Band structures for different types of interface. The shaded area is the 
light cone. c, Full-wave simulation of topological clothing on a computational 

human body model. Wireless channels 1–6 are labelled as CH1–6. Ez, electrical 
field distribution in the z direction. d, High energy absorption by tissue without 
topological clothing (top), robust topological edge state on tissue (middle) 
and high bending loss in conventional topological photonic crystals (bottom). 
e, Modular designs of topological clothing. Electrical field distributions show all 
the achieved topological clothing with the numbers of topological edge states 
n = 1, 2, 4, 6, 0, respectively.

http://www.nature.com/natureelectronics


Nature Electronics | Volume 9 | January 2026 | 59–68 61

Article https://doi.org/10.1038/s41928-025-01516-w

sensor networks remain limited to one-dimensional electromagnetic 
waveguides, such as coil relays and spoof surface plasmon channels22–28. 
These designs require different custom components, such as power 
dividers and circulators, to connect varying numbers of wireless chan-
nels. The demonstrated wireless channels and the interconnected 
sensors are typically limited to three. These systems are thus highly 
personalized and constrained to narrow application scenarios after 
the design and fabrication.

We propose topological clothing for modularly designed body 
sensor networks, as illustrated in Fig. 1. Compared with existing 
one-dimensional structures, our approach—based on two-dimensional 
topological modules—offers a higher degree of design flexibility. For 
instance, with just two topological modules (Fig. 1a), various network 
configurations can be realized, supporting up to six wireless chan-
nels. This modular reconfigurability enables broad adaptability for 
diverse application scenarios. Figure 1a specifically illustrates flexible 
topological clothing designed to establish three wireless channels on 
the human body. Biosensors positioned along these channels capture 
physiological signals, which are then wirelessly transmitted to a central 
data hub located at the textile centre. Because wireless signals are con-
fined to the channels and do not radiate into the surrounding space, 
this design enables efficient, interference-resistant and inherently 
secure personal sensor networks.

We design topological clothing using a flat valley-Hall topological 
model—photonic analogues of two-dimensional valleytronic materi-
als that leverage the valley degree of freedom established by lattice 
symmetry29–31. The rhombus unit cell is composed of two flower-shaped 
resonators supporting spoof surface plasmon resonance (Fig. 2a,b). 
The lattice constant is a = 35 mm, and the radii of the resonators are 
denoted r1,2, respectively. An unpatterned metallic conductor forms the 
bottom layer of the unit cell. Band diagrams of unit cells with varying 
dimensions reveal that preserving inversion symmetry (r1 = r2) results in 
degenerate Dirac points at K and K′ valleys (Fig. 2c). Breaking inversion 
symmetry by either r1 > r2 or r1 < r2 opens topological bandgaps at K and 
K′ valleys with opposite-signed valley Chern numbers (Supplementary 
Notes and Supplementary Fig. 1).

By engineering the unit cells into a honeycomb lattice, we con-
struct two topological modules with distinct topological phases 
(Fig. 1a and Supplementary Fig. 1): module A (r1 = r2/1.8) and module 
B (r1 = r2 × 1.8). The interface in Fig. 1b (left) generates a pair of topo-
logical edge states governed by the bulk-boundary correspondence 
principle. These edge states reside within the bandgap and are further 
visualized in electrical near-field distributions (Fig. 1c). The edge state 
confines energy to the surface of the topological clothing, allowing it 
to propagate along the curvature of the tissue (Fig. 1d, middle). This 
contrasts with the system without topological clothing, where energy 
penetrates and is absorbed by the tissue (Fig. 1d, top). The edge states 
extend evanescently in the z direction, enabling contactless excitation 
in the near field without requiring specialized connectors.

No edge states form between modules of the same topological 
phases (Fig. 1b and Supplementary Fig. 2), enabling the design of 
customizable topological clothing with varying numbers of wireless 
channels by simply combining modules A and B. Figure 1e presents six 
topological clothing designs with open channel numbers of n = 0, 1, 2, 
3, 4 and 6, respectively.

Simulations of transmission coefficients and electrical near-fields 
confirm the high-efficient wireless channels, aligning with the 
designs (Fig. 1c–e and Supplementary Fig. 3). The topological cloth-
ing maintains robust performance under various bending angles or 
in contact with the human body, with low bending loss, character-
ized by transmission coefficient degradation, remaining below 2 dB 
(Supplementary Figs. 4–7). In contrast, conventional topological pho-
tonic crystals made from dielectric materials experience high bending 
loss (~10 dB) when bent out of plane (Supplementary Fig. 4), as energy 
radiates into the surrounding space under bending (Fig. 1d, bottom). 

We also notice that precise sensor alignment along the topological 
channel plays a critical role in achieving such efficient signal transmis-
sion (Supplementary Fig. 9).

Compared with existing body sensor network designs, which 
rely on one-dimensional coil relays or spoof surface plasmon 
waveguides22–28, our method using two-dimensional topological 
modules offers a substantially higher degree of design flexibility 
(Supplementary Fig. 21). Noted that the interface of modular A–A 
also generates topological edge states shown in the band diagram 
(Supplementary Fig. 2). However, due to the small-sized resonators at 
the interface, the plasmonic coupling is too weak to propagate the wire-
less signal, causing high asymmetrical propagation (Fig. 1d, middle). 
This feature further enhances the flexibility of our topological clothing 
designs, enabling even greater adaptability for diverse applications 
(Supplementary Fig. 3).

Fabrication and characterization
We fabricate six designed topological structures in Fig. 1 using metal-
lic conductive textiles (Supplementary Fig. 3), which are flexible 
and stretchable (Supplementary Fig. 12), allowing them to conform 
seamlessly to the human body. We evaluate the wireless transmis-
sion ability of the fabricated topological clothing at the 2.4 GHz 
industrial, scientific and medical frequency band. Two identical coil 
antennas, serving as a transmitter and receiver, are placed at the 
centre of the textile and the end of the wireless channel, respectively 
(Supplementary Fig. 13). The non-radiative properties of the coil 
antennas ensure more secure communication localized to the body 
surface. Although topological metamaterials using metallic materi-
als have been reported17,32,33, they cannot be directly integrated into 
clothing due to their three-dimensional structures or high energy 
dissipation in tissue.

We first measure the electrical near-field distributions of topologi-
cal clothing with three open channels. Experimental results confirm 
the presence of three open channels (CH3, CH4 and CH5), which agree 
well with simulations (Fig. 2a). Transmission coefficients for the open 
channels are approximately −17 dB, while closed channels exhibit 
lower transmission at −55 dB (Fig. 2d). The transmission is enhanced 
by over three orders of magnitude (>30 dB, Fig. 2d) compared with 
the system without topological clothing. This enhancement is attrib-
utable solely to the topological structures, as the transmission coef-
ficients of the bottom layer alone are comparable to radiative methods 
(Supplementary Fig. 15).

Besides underlying topological physics, the mechanism of open 
and closed channels could also be understood by the selective propa-
gation of surface plasmon modes. For an array of flower-shaped unit 
cells made from conductive textiles (Fig. 2b), the surface plasmon 
dispersion relation (Fig. 2c) determines a bandgap: a certain range of 
frequencies that cannot be propagated inside the metamaterial, as 
the metamaterial exhibits high impedance that stops and reflects the 
electromagnetic fields with frequencies inside the bandgap. However, 
such a bandgap can be closed by the topological edge state below the 
light line (Fig. 1b), which propagates the surface plasmon mode with 
high spatial confinement.

Conventional topological devices typically exhibit performance 
degradation when bent or integrated with lossy media. To evaluate 
the robustness of our devices, we subject the topological clothing to 
bending angles of 10°, 20°, 30°, 40°, 60° and 90° and integrated them 
with the human body. Transmission spectra for all channels under these 
conditions demonstrate robust performance with negligible bending 
loss (Fig. 2e and Supplementary Fig. 15). We also measure the electri-
cal near-field distributions and transmission coefficients of all other 
fabricated topological clothing with open channel numbers of n = 1, 2, 4 
and 6 (Fig. 2f). Experimental results align with design expectations and 
simulations, maintaining resilience to bending and body integration 
(Supplementary Figs. 4–7).
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We next evaluate the ability of topological clothing to enhance 
wireless signal transmission between body-worn devices. Figure 3a 
shows topological clothing with three open channels (n = 3) used to 
interconnect commercial Bluetooth devices functioning as wireless 

biosensors on a human participant. A Bluetooth dongle connected to 
a laptop records the relative signal strength indicator (RSSI) from six 
channels. These Bluetooth devices use coil antennas to better confine 
electromagnetic fields to the body surface. We conduct real-time RSSI 
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Fig. 2 | Experimental characterization of topological clothing. 
a, Experimental results (Exp.) of electrical field distribution of topological 
clothing. The results agree well with the simulation (Sim.). S21: transmission 
coefficient. Scale bar: 60 mm. b, Illustration of the topological module, unit cell 
and its dimensions. a: unit-cell length; r1,2, the radius of the left-disc and right-disc 
shapes. c, Band diagrams for the unit cells with r1 = r2/1.8, r1 = r2 × 1.8 and r1 = r2. 
The shaded are shows the bandgap. λ, wavelength. d, Experimental transmission 

(trans.) coefficients at 2.4 GHz with and without topological clothing. 
e, Experimental transmission spectra of all the channels when the topological 
clothing is bent by 10° and 30° and attached to human body. f, Experimental 
transmission coefficients and field distributions at 2.4 GHz (same colour legend 
as in a). The topological clothing with open channels n = 1, 2, 4 and 6 are bent with 
angles of 10°, 20°, 30°, 40°, 60° and 90°, and attached to the human body.
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monitoring with a healthy volunteer wearing a central hub and six sen-
sors during a simulated daily activity protocol comprising alternating 
3-minute intervals of standing, walking and running, repeated three 
times. As a control, the activity protocol is repeated using a conven-
tional over-the-air communication network without the topological 
clothing (Supplementary Fig. 14).

Figure 3b presents RSSI data over 27 min of standing, walking and 
running. Violin plots in Fig. 3c show minimal RSSI variation (<2 dB) 
across activities, highlighting the robust wireless communication 
capabilities of the topological clothing in high-noise scenarios. The 
RSSI difference between open and closed channels is ~25 dB, allow-
ing efficient connection with the desired sensors while disconnect-
ing unwanted ones. Compared with conventional wireless networks 

without topological clothing—while keeping the transceiver antennas 
identical—the RSSI is enhanced by more than 40 dB (Fig. 3d). These 
improvements translate to reduced power consumption, increased 
data throughput and extended battery life for wireless biosensors.

Sensitive vital-sign monitoring
The measurement of vital signs, including respiration and heartbeat, 
is essential for monitoring a wide range of physiological conditions, 
such as hypoxia, hypercapnia, metabolic acidosis and physical exertion 
during exercise34. Wearable accelerometers, gyrosensors and mag-
netometers placed on the torso can unobtrusively register respiratory 
and heartbeat motion35. However, these sensors are inherently suscep-
tible to noise introduced by non-respiratory and non-cardiac motions, 
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leading to low SNR and reduced accuracy compared with clinical-grade 
instruments, particularly during exercise and daily activity36. Many 
approaches have been proposed to suppress motion noise, includ-
ing the use of soft materials to reduce random mechanical variability 

and machine learning algorithms to remove motion artefacts37,38. In 
circuit design, differential strategies combined with machine learning 
algorithms are commonly used to mitigate motion interference39–41. 
However, these methods typically rely on a single device to collect 
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differential signals from a limited body region, resulting in lower 
signal contrast.

We demonstrate the capability of our topological clothing to 
mitigate noise in a wireless network of accelerometers unobtrusively 
worn on the body. Figure 4a illustrates the experimental setup, 
where a participant performs a treadmill protocol consisting of 
standing, walking, jogging and running at incremental speeds of 
0 km h−1, 1 km h−1, 3 km h−1 and 5 km h−1. respectively, with each phase 
lasting 5 minutes. Three accelerometers, placed on the chest, abdo-
men and lower abdomen, record motions induced respiration and 
heartbeat. The accelerometer data along the z axis are wirelessly 
transmitted to a central hub (smartphone) on the abdomen via coil 
antennas. These devices are interconnected through the edge states 
of the topological clothing, ensuring energy-efficient and secure 
communication. A clinical-grade electrocardiogram (ECG) moni-
tor provides reference measurements of respiration and heartbeat 
(Supplementary Fig. 13).

Figure 4c shows acceleration data from the three sensors along-
side standard ECG signals during the first 30-second still phase. The 
complete dataset of the 27-minute exercise protocol is provided in 
Supplementary Fig. 17. The chest accelerometer exhibits pronounced 
motion artefacts and stronger heartbeat components, while the lower 
abdomen accelerometer predominantly captures respiratory pat-
terns. To extract cleaner signals, we apply a two-step adaptive filtering 
algorithm that leverages data from all three accelerometers41 (Fig. 4b). 
Using z-axis accelerations from the chest and abdomen sensors, we 
isolate a cleaner heartbeat signal with distinct vibration (V) peaks, 
matching the R peaks in the ECG signal, apart from a minor time delay 
(Fig. 4c). Respiration patterns are clarified by processing data from 
the abdomen and lower abdomen sensors through the same adaptive 
filters (Supplementary Fig. 18).

To quantify the performance enhancement achieved with the 
topological clothing, we calculate the SNR for the detected respiration 
rate and heart rate. The SNR from a single accelerometer placed on the 
chest or lower abdomen serves as the baseline for heartbeat and respi-
ration monitoring, respectively. Figure 4d reveals SNR improvements, 
with heart rate detection SNR increasing by up to 158-fold (22 dB) and 
respiration rate detection SNR improving by 2.4-fold (3.8 dB). These 
results highlight the capability of topological clothing to amplify weak 
bio-signals, such as heartbeats, by more than two orders of magni-
tude. The time-varying SNR in our approach is due to the random 
motion noise (Supplementary Fig. 19). Other signal-processing algo-
rithms, including Butterworth and Kalman filters42,43, could further 
enhance SNRs, making the system even more effective for precise 
vital-sign monitoring.

We also use artificial intelligence algorithms to extract heart rate 
during high-noise activities of walking, jogging and running. A long 
short-term memory (LSTM) model is trained using input from all three 
accelerometers in the wireless network. Controls with a single-sensor 
node input and the same LSTM model are performed for comparison. 
The accuracy is evaluated using Bland–Altman plots and Pearson cor-
relation coefficients (Fig. 4e). The topological clothing-based sensor 
network maintains high accuracy across all activities despite increasing 
motion noise, whereas single-sensor performance deteriorates dur-
ing jogging and running (Supplementary Fig. 20). Notably, heart rate 
detection accuracy improves by 3.7-fold with the topological clothing 
during running.

Conclusions
We have reported topological devices that interact with the human 
body. We fabricated thin topological clothing using metallic con-
ductive textiles, addressing the challenges of low flexibility and high 
energy loss in integrating topological photonic devices with the 
human body. Our topological body sensor networks enhance signal 
transmission on the human body by over three orders of magnitude 

compared with conventional radiative networks. We also showed that 
multiple biosensors interconnected by our topological clothing can 
provide sensitive vital signs monitoring during exercise, achieving 
improvements of over two orders of magnitude in SNR and a threefold 
increase in detection accuracy compared with systems without the 
topological design. Our work bridges the fields of topological physics 
and biological systems44,45, providing a starting point for translating 
photonic concepts—such as topological insulators and bound states 
in the continuum46–48—into biomedical applications.

Methods
Numerical simulations
Electromagnetic simulations were carried out with CST Microwave 
Studio (Dassault Systems). The band structures of the unit cells 
were obtained by solving the eigenfrequencies within the hexagonal 
Brillouin zone using the Eigenmode Solver. Field distributions were 
calculated using the finite-integration technique in the time-domain 
method. The conductive textile was assigned as perfect electric con-
ductor in simulations. The computational body model used an anatomi-
cally accurate voxel model (Hugo, CST Voxel Family) with a resolution 
of 1.875 × 1.875 × 1.25 mm. Coil antennas and discrete ports were used to 
transmit and receive wireless signals. In the body simulation, the topo-
logical clothing was bent by 90° and in proximity to the human body.

Textile fabrications
Conductive textile patterns were laser-cut (Universal Laser Systems, 
VLS 2.30) from adhesive Cu/Ni polyester fabric sheets (Conductive 
Fabric Tape 86750, Laird Technologies; Conductive Non-woven Fabric 
4770, Holland Shielding Systems). Patterns were attached to a cot-
ton–polyester blend athletic shirt for radio-wave devices and wireless 
communication experiments. When worn on the body, the body bends 
the topological metamaterial by about 90°.

To ensure strong adhesion between the conductive textile and the 
clothing, a three-step process is used. First, a layer of heat-adhesive 
film is placed onto the conductive fabric and bonded using a Hot Press. 
Second, the conductive fabric with the adhesive layer is patterned 
with a laser cutter. The conductive fabric is flexible and has a Young’s 
modulus compatible with the underlying clothing. Third, the patterned 
fabric is positioned on the clothing with the adhesive side facing down 
and permanently affixed by pressing again with a heat press. These 
steps ensure that the topological structures are tightly attached to the 
clothing, remaining robust under scratching and everyday handling.

Consideration of the carbon footprint during textile 
fabrications
The carbon footprint of the topological clothing is minimized by opti-
mizing the number of unit cells, fabrication resolution and tolerance to 
defects. Simulations (Supplementary Fig. 10) confirm that only periods 
of flower-shaped resonators near the topological edge are sufficient 
for waveguiding, reducing material use and fabrication time. A spatial 
resolution of 0.15 mm ensures strong field confinement while enabling 
energy-efficient, low-precision laser cutting (Supplementary Fig. 8). 
In addition, simulations with random defects (Supplementary Fig. 11) 
show the structure remains robust and high transmission coefficients, 
effectively tolerating small fabrication imperfections. These strate-
gies collectively support sustainable, low-carbon manufacturing of 
topological metamaterials.

Transmission and field measurements
Transmission was measured as |S21| between two identical coil antennas 
with a 4.5 cm diameter connected to a vector network analyser (N9915A, 
Keysight) using coaxial cables (SMA-SMA, 50Ω, Amphenol). One coil 
antenna was placed on the centre of the topological clothing and the 
other one was placed on the end of each edge channel. The coil antenna 
was designed to optimally cover the near-field region at the end of the 
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channel. The coil antenna features a low gain of 1.751 dBi, minimizing 
the transmission of information into free space.

Due to the vector network analyser’s port limitation, measure-
ments were performed sequentially for each wireless channel, with 
other channels left open. To evaluate the impact of sensor deployment, 
we compared two configurations: (1) a single-sensor load connected 
to one wireless channel, and (2) six sensor loads connected simulta-
neously to six different channels. Each sensor load consisted of a coil 
antenna terminated with a 50-Ω resistor to emulate a typical sensor 
impedance. For the multi-load configuration, only one channel was 
measured at a time while the remaining five channels were loaded. The 
results, both numerical and experimental, show that the presence of 
multi-sensor loads has minimal influence on the transmission coef-
ficients (Supplementary Fig. 16).

Field mapping experiments used a probe mounted on a 
three-dimensional positioning system. The source used a coil antenna 
placed 2 mm above the input position on the centre of the textile. 
The probe used the same coil antenna and scanned 5 mm above each 
localized-surface-plasmon resonators. Signals from the probe were 
measured by a vector network analyser (N9915A, Keysight).

RSSI measurements
Evaluation of topological clothing on the body was performed with a 
healthy participant recruited from the National University of Singa-
pore. All participants were volunteers and provided informed consent. 
RSSI measurements were performed using the Bluetooth low energy 
protocol. Sensor nodes made use of single-mode Bluetooth v.4.0 mod-
ules (nRF52832) configured with a self-customized coil antenna and a 
130 mAh lithium battery. Sensors were transmitted to a central hub 
using a nRF52840 Dongle connected to a PC, running a connectivity 
application (nRF Connect for Desktop, Nordic Semiconductor) that 
recorded the signal strength. The sensors were placed at the end of 
each channel and the Bluetooth low energy dongle was placed on the 
centre of the topological clothing. The central data hub recorded the 
received signal strength during indoor physiological activity (stand-
ing, walking and running) in 3-min trials and repeated 3 times. Controls 
were performed by repeating the 2-min activity protocol with an unpat-
terned athletic shirt.

Vital-sign monitoring
Vital-sign monitoring was performed with a healthy participant from 
National University of Singapore. All participants were volunteers and 
provided informed consent. Three accelerometers (MPU-9250) were 
placed on the end of the three open channels of the topological clothing 
and worn on the body. Sensors were transmitted to a central hub con-
sisting of an Android smartphone configured with a self-customized 
coil antenna running a connectivity application (nRF Connect, Nordic 
Semiconductor). The activity protocol of standing (0 km h−1), walking 
(1 km h−1), jogging (3 km h−1) and running (5 km h−1) were conducted in 
20 min. Physiological experiments complied with a protocol approved 
by the National University of Singapore.

Two-step adaptive filtering algorithm
The two-step adaptive filtering algorithm was adopted from ref. 36. In 
the first adaptive filtering, the motion noise signal was extracted by 
subtracting the chest acceleration signal from that of the lower abdo-
men acceleration signal. In the second adaptive filtering, the heartbeat 
pattern was obtained by subtracting the motion noise signal, extracted 
by the first adaptive filtering, from that of the chest accelerometer. 
These processes used the recursive least-squares adaptive filter pro-
vided in MATLAB at each adaptive filtering step. The respiration pattern 
was obtained using the same two-step adaptive filtering algorithm 
using the acceleration signals from the chest and the lower abdomen. 
Recursive least-squares filtering parameters involved a filter length 
of 3 taps and 30 taps for respiration and heartbeat, respectively, and a 

forgetting factor of 0.98. The SNR was evaluated by dividing the output 
signal into 30-s windows. In each window, a fast Fourier transform was 
performed, and the SNR was calculated as 10 log10(S(Ω)/N0), where S(Ω) 
is the power spectrum density at the respiratory rate Ω and N0 is power 
spectral density averaged across all frequencies except Ω.

Artificial neural networks
A LSTM model was used to measure heart rate during high-noisy activi-
ties including walking, jogging and running. Before the training of the 
model, we preprocessed the data: standardization was used to scale the 
features and labels, and the data were filtered to ensure the stability of 
the model training. To ensure the accuracy and stability of prediction, 
we screened and predicted the extreme point with an ECG signal greater 
than 0.4 and less than −0.4. To predict the large and small waveforms in 
a heartbeat signal, we screened and predicted the points with an ECG 
signal greater than 0.1 and less than −0.1. The entire network consisted 
of multiple LSTM layers and fully connected layers (dense layer), which 
were serialized by adding activation functions (such as rectified linear 
units) and batch normalization layers between each adjacent layer. 
During the training process of the model, the difference between the 
mean absolute error) was calculated as the loss function. To avoid over-
fitting, the network used a Dropout layer to randomly discard some of 
the neurons. To optimize the training process, we used learning rate 
attenuation and early stop (EarlyStopping) techniques to ensure that 
the training process is more stable and to avoid overfitting caused by 
excessive training. After the training, an independent set of test data 
were used to evaluate the prediction accuracy of the trained LSTM 
model, and the mean square error and R2 values of the model were 
calculated to further measure the performance of the model. The heart 
rate was finally calculated based on the time difference of adjacent 
local maxima using find_peaks function in the scipy.signal module.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The data that support the plots within this paper are available via 
GitHub at https://github.com/zhipengli-ustc/body_sensor_network_
topological_clothing. Source data are provided with this paper.

Code availability
The codes are available via GitHub at https://github.com/zhipengli- 
ustc/body_sensor_network_topological_clothing.
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