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Health monitoring and activity tracking technologies rely on 
wearable or implantable sensors that link to different regions 
of the human body (or, in fact, multiple bodies). These sen-

sors can be used to create multi-node networks that interpret infor-
mation from our body and the objects that interact with it. To parse 
biometric information in real time, such networks require secure 
and reliable communication links between the nodes1,2. These links 
are generally known as body area networks (BANs). The robust-
ness of a BAN is dependent on a number of characteristics: the level 
of comfort (or the size/weight of the device nodes), adaptability to 
pre-existing clothing, compliance with commonly used standards3, 
node sampling rates and wireless powering capabilities4. It is also 
dependent on the ability to communicate with nearby BANs and 
local area networks, creating a seamless connection with peripheral 
Internet of Things technology without compromising on security. 
Ideally, a BAN can offer such communication capabilities in addi-
tion to being lightweight and battery free (to minimize user burden 
and facilitate continuous monitoring), as well as being capable of 
sampling dynamically placed wireless nodes at high rates relevant 
to the unpredictability of daily lives.

BANs have traditionally been equipped with over-the-air com-
munications including custom radio-frequency (RF) transducers5, 
RF identification6 or Bluetooth7. However, such radiative approaches 
often suffer from high power consumption and relatively low levels 
of security. This is because despite the coding methods, a nearby 
third-party receiver may listen to the communication between the 
reader or sensing nodes. This issue can be addressed by limiting 
the operational range of such communication links to ensure the 
target receiver/transmitters are placed spatially close enough to the 
body. One hardware solution to this challenge is to convert/replace 
the far-field radiation unit (such as the planar inverted-F antenna 
in Bluetooth technology) with a near-field antenna8 and employ 
surface waves (instead of spatial radiation). This, however, requires 
exclusively developed Bluetooth sensors as well as a modified reader 
(often a mobile phone) with irregular antennas, which limits wider 
application. In addition, Bluetooth power transfer is limited and 

batteries are typically required at the sensing nodes to accurately 
sample the environment.

Based on Bluetooth technology, a surface-plasmon-like metama-
terial network made out of laser-cut conductive fabrics and attached 
on clothing with a textile adhesive has been recently introduced, 
offering surface-bound magnetic-wave propagation at 2.4 GHz 8–10.  
However, such networks must exhibit continuous conductivity 
across their entire length scale (otherwise, substantial transmission 
loss occurs) and require relatively complex sewing steps to attach 
onto clothing. The electrical characteristics of these BANs at micro-
wave frequencies also exhibit rather large sensitivity to the presence 
of tissues and environmental changes. In addition, the BAN architec-
tures, which have continuous conductivity across the array, cannot 
be readily reconfigured onto pre-existing clothing and suffer from 
difficult clothing attachment methods, thus limiting their practical 
utility and making network expansion difficult. Furthermore, the 
embroidered spoof surface plasmon metamaterials are not suitable 
for use below gigahertz frequencies, as they would require larger 
dimensions at lower frequencies (for near-field communication 
(NFC)). Moreover, the enhanced security enabled by redirecting 
the transmitted energy to guided modes (instead of conventional 
long-range far-field radiation) does not allow third-party devices 
to listen to Bluetooth communication. This redirection is not often 
fully efficient, resulting in power leakage at microwave frequen-
cies and ultimately challenging the signal transmission. Although 
custom Bluetooth antennas with near-field emission profiles are 
available, they are not currently used in commercial Bluetooth sen-
sors and/or readers and may violate relevant regulation standards. 
Finally, in such spoof surface plasmon structures, the wave prop-
agates on and very close to the surface, which limits propagation 
from object to object11 that could occur between pieces of clothing 
or nearby BANs.

Another approach to enhance BAN security, which does not 
require alteration from relevant standards, is to use near-field 
emitting devices such as NFC or Qi-based technologies. A sin-
gle reader can use several near-field emitting hot spots (that are  
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connected by a wire) to transmit signals to often battery-free  
wireless nodes placed around the body12–15. An advantage of  
NFC over the Bluetooth protocol is its plug-and-play ability to 
seamlessly pair communication nodes to the reader, in addition 
to supporting wireless power transfer. This enables pick-and-place 
characteristics that allow wireless sensing nodes to be switched  
at will. Such capabilities should reduce user burden and increase 
convenience in day-to-day use.

With the near-field regime, research has focused on connecting 
a few loop antennas (known as hubs and terminals) using embroi-
dered conductive thread12,14 or metal wires13. In such structures, 
the NFC transponders can pair only if placed close to these static 
hot spots. The wire-linked nature of this approach also makes it 
unsuitable for on-demand expansion due to long wires used to con-
nect the disparate terminals. Although wireless, wearable inter-coil 
communication has been shown to connect two wristband-like 
coils16, it suffers from a short operational range17,18. Similarly, the 
low-frequency capacitive signalling of human skin and muscle19 can 
impede the powering of battery-free sensor nodes and may be eas-
ily disrupted by or interfere with immediate surroundings (particu-
larly, conductive substances).

Electromagnetic surface-wave propagation (often achieved via 
metamaterials) operating at low-frequency bands could poten-
tially be used to create an extendable and wireless BAN in NFC 
bands. Electromagnetic metamaterials typically function at rela-
tively large frequencies (above the gigahertz range) and are fabri-
cated in rigid forms to ensure their perfectly periodic structure. 
Magneto-inductive (also known as magnetic metamaterials) 
structures have, in particular, been shown to allow wave propaga-
tion20–25, enabling a communication path bounded to an array of 
magnetically coupled resonators (conventionally, an array of split 
rings). Their utility ranges from high-frequency metasurface appli-
cations26 to wireless power transfer27–29. Due to the magnetically 
coupled nature of such resonators, and unlike spoof surface plas-
mon structures, magneto-inductive arrays are wirelessly connected. 
Magneto-inductive structures with three-dimensional coaxial and 
in-plane magnetically coupled rings also offer some degree of bend-
ing for the powering path20,27,30,31. However, they have not previously 
had enough mechanical flexibility to support human motion, and 
are difficult to synthesize and scale to large/curvy structures.

In this Article, we report the development of metamaterial textiles 
that can be added to pre-existing clothing to create drag-and-drop 
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Fig. 1 | Design of textile-integrated metamaterials for magneto-inductive wave propagation. a, Blow-up schematic of a flexible, planar magnetic 
resonator. b, The ground layer minimizes spectral uncertainty due to the human body’s parasitic effect. c, NFC sensors can be dragged and dropped across 
the magnetically coupled resonators with a horizontal distance (in the x direction) and a vertical distance in other directions. d, Equivalent circuit of the 
magneto-inductive metamaterial with potential object-to-object transitions (at the nVDth resonator). e, Dispersion diagram for the array of resonators for 
various magnetic coupling coefficients. The lower and higher cut-off frequencies (magneto-inductive-wave passband) are marked by dotted lines and 
specify the bandwidth. The light line (with a large slope of the light velocity in free space) is shown by the dashed line. f, Reader and multiple sensors 
can be utilized in an inline serial or T-shaped parallel array of resonators to form various signal paths around the body. g, Metamaterial network is easily 
streamlined into separate clothing pieces, enabling the high flexibility necessary for daily routines and significant extension of the horizontal range. The 
nodes may be placed anywhere close to (within a few centimetres of) any point of the network.
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near-field multiple BANs. We use flexible magneto-inductive ele-
ments that are tuned to the NFC band32 and support the pick-
ing and placing of wireless nodes along the network. Inspired by 
modern low-cost vinyl clothing production, our approach to 
integrate magneto-inductive networks on textiles eliminates the 
need for complicated sewing techniques and the relatively expen-
sive conductive threads necessary in such methods. This network 
can be designed, built and expanded at will to fit user needs. The 
magneto-inductive elements are composed of discrete, planar and 
flexible microelectronics-free loops, with spectral behaviour that is 
stabilized against human body effects3,33,34. They, thus, create a tun-
able power/communication path across the human body. This is 
achieved by internally bounding the electric fields (which are easily 
perturbed by human body effects) within the structure and utilizing 
quasi-static magnetic fields. A time-division multiple access proto-
col was also implemented to interrogate multiple NFC-enabled sen-
sors connected across the body through discrete pieces of clothing.

Our approach creates a secure on-demand BAN, whose commu-
nication link can span across different pieces of clothing, objects 
or people. The battery-free, energy-harvesting transponders used in 
this system reduce user burden, allow continuous monitoring and 
minimize node size (via battery elimination and memory reduc-
tion). The approach could lead to self-sustained, zero-battery BAN 
ecosystems with cloud assistance35–37.

Network design and analysis
Magneto-inductive waves propagate through an array of magneti-
cally coupled resonant structures that possess equivalent spectral 
characteristics as metamaterials. The resonators can be designed in 
different forms depending on the network’s desired characteristics. 
Traditionally, they are created with rigid loops whose impedance 
is tuned by lumped elements38. In our approach, the requirements 
of BANs impose a narrow set of constraints on the performance of 
the magneto-inductive waveguide, as it must exhibit high degrees 
of flexibility, be insensitive to bodily motion, be easy to extend and 
possess a microelectronics-free design. We design multi-turn flex-
ible planar coils made of metal (aluminium and/or copper) foils 
as resonators to be integrated into the clothing textile. The reso-
nance characteristic of such coils, however, highly depends on the 
undesired parasitic capacitances between the coil and human body. 
This may interfere with magneto-inductive wave propagation as the 
textile-integrated network is not fixed on the body and the distance 
from the skin (dskin) moves slightly during routine activities even on 
tightly fitted clothing. To eliminate this effect, the coil is stacked on 
a ground shield layer to suppress the inductor’s electric field from 
entering the body39.

This approach adds considerable intrinsic capacitance to 
the resonator (CR) and decreases the resonant frequency, which 
reduces the loop’s length and thus enhances the ohmic loss and 
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self-inductance of the resonator (RR and LR, respectively). However, 
this ground layer can induce eddy currents due to its proximity to 
loop traces. To avoid considerable loss of the resonator’s quality fac-
tor, we add several slots on the ground layer perpendicular to the 
loop traces to terminate the eddy currents (Fig. 1a). This compen-
sates for the power dissipation generated from the flow of image 
currents on the ground layer. Therefore, the slotted ground layer 
intervenes in between the loop and skin, eliminates the unpredicted 
spectral shift of the resonator (Fig. 1b), and helps to miniaturize 
the loop in addition to not largely affecting the resonator’s quality 
factor compared with the case when the loop is directly put on the 
skin (Supplementary Fig. 1). The magnetic field in this setup is still 
allowed to flow below and above the resonator despite the presence 
of this ground layer.

The magneto-inductive waves can propagate through more con-
voluted pathways involving arrays of magnetically coupled resona-
tors (Fig. 1c). This magnetic connection allows for more flexibility 
in terms of the resonators’ relative placement and introduces a hori-
zontal distance within our network between the reader and sen-
sor nodes (in the x direction), in addition to the vertical distance 
(VD) between two neighbour nodes (resonator/device) on different 
pieces of clothing (or the z axis). This network shows the propaga-
tion behaviour along the coils (x direction) and typical near-field 
properties in other directions. Thus, the nodes (including the reader 
and multiple sensors) in close vicinity of the coil network would 

be magnetically connected (the network’s equivalent circuit com-
prising N coupled coils plus one reader and sensor with a vertical 
distance in between is shown in Fig. 1d). Here, resistance, capaci-
tance and self-inductances are represented by R, C and L, respec-
tively. The generator, resonators and devices are shown by indexes 
g, R and D, respectively. The voltage source Vg originally excites the 
resonator array.

We assume that the current flowing in the nth resonator has a 
sinusoidal time dependency with angular frequency ω. Here the 
resonator coils, each with an impedance of ZR = RR + jωLR +

1
jωCR

, 
are inductively coupled to their closest neighbour resonator with 
mutual coupling MRR = kRRLR, where M and k represent the mutual 
inductance and coupling factor, respectively (the indexes RR and 
DR show inter-resonator and device-resonator relations). The reso-
nators form a linear array with equal distance dc between two neigh-
bour coils. Here, for simplicity, we start by assuming that the vertical 
distance is ignorable (kVD = kRR). The current running on the nth 
resonator (ranging from 1 to N) in a linear array can be represented 
by

In = I1ejϕ1 e−jγ(n−1)dc , (1)

where γ is the travelling wave’s propagation constant and I1 and Φ1 
are the first loop’s current magnitude and phase depending on the 
excitation (boundary conditions imposed by reader’s Vg), respec-
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tively. Kirchhoff ’s voltage law for the nth coil can be expressed as 
follows:

ZRIn + jωMRR (In−1 + In+1) = 0, (2)

which leads to the following dispersion equation.

γ =
1
dc

× cos−1
(

−ZR
2jωMRR

)

(3)

This structure supports forward and backward travelling waves, 
thus forming a standing wave along the resonator array. To match 
the standing wave’s spatial harmonics with the array’s geometry, 
we define γm = 4γ/m, where m (>1) indicates the number of coils 
between two spatially equal-phase planes along the standing wave. 
This enables analysing the propagation characteristics per unit of 
resonator (instead of length) and would be ultimately helpful to 
identify the resonator number on which the standing wave’s peak 
is placed. The per-resonator expression of the spatial harmonics 
facilitates the network’s design for the end user to plan the number 
of resonators on each piece of clothing and thus optimize the BAN. 
Here γm = ß – jα is the harmonic propagation constant (β is the phase 
and α is the attenuation constant) and is calculated for our typical 
resonator properties (Fig. 1e).

The propagation constant profile β(ω) may possess different val-
ues depending on the coil geometry (reflected in ZR), coupling fac-
tor and harmonic modes (m, which is not necessarily an integer). 
Dispersion profiles for various modes and electrical properties are 
compared in Supplementary Fig. 2. We designed and tuned the coils 

(detailed properties shown in Supplementary Fig. 3) to resonate 
at the standard frequency (13.56 MHz) of NFC. To afford enough 
bandwidth for the amplitude-shift keying utilized in NFC protocols, 
the auxiliary carriers (distanced at 848 kHz from the main carrier 
at 13.56 MHz) must be covered by the metamaterial’s passband. As 
shown in Fig. 1e, this may be tuned by the inter-resonator coupling 
(kRR) or equivalently the neighbour-coil distance (dc). The passband 
calculations obtained from the dispersion diagrams show that a kRR 
value of 0.1 is capable of providing sufficient bandwidth for success-
ful long-term communication under varying mechanical distress. 
This is approximately equivalent to less than 20% neighbour-coil 
overlap.

Unlike traditional BANs that utilize coils connected by a wire, 
here the inter-resonator magnetic coupling enables complex net-
work architectures with user-friendly extensions such as inline or 
fork connections (Fig. 1f). When integrated into clothing, it allows 
for the BAN’s complex signal paths (Fig. 1g) to span across mul-
tiple layers of disconnected clothing (for example, from pants to 
shirts), distinguishing itself from other textile BANs that rely on a 
wire-based or conductive-thread-based connection.

The VD’s effect can be evaluated using circuit theory to cal-
culate the efficiency of the network (Supplementary Fig. 4 shows 
the equivalent circuit of the resonator chain). First, the transmis-
sion (S21) profile of a network (for N = 11) without VD is shown 
(Fig. 2a), where the reader (Tx) and sensor (Rx) at the ends of the 
inline resonator chain are connected to the first and second ports, 
respectively. For large enough kRR values, the peak S21 (originally 
centred at 13.56 MHz) splits into N resonances, correlating to the 
metamaterial passband. This aligns with what is referred to as the 
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monitoring of human activity realized by time-division-based multiple sensor readout within the BAN with a sampling rate of 5.6 Hz per sensor (dots and 
solid lines show the raw and filtered data, respectively). c, High-speed, long-term indoor walk/running activity measurement. The test was performed 
under a gradually increasing velocity profile for 25 min and BAN was integrated into clothing with coloured vinyl. d, Monitoring of sensors during indoor 
running under various velocity profiles with a sampling rate of 10 Hz per sensor. Steps are detected and marked by circular markers. e, Long-term 
packet-loss monitoring during indoor running. f, Body-to-body communication enabled by NFC’s plug-and-play characteristics and its measured 
transmission when dragging the hands close and far over time (comprising an action of a ‘digital high-five’) for various VD values.
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strong coupling of magnetic resonances in the literature. Adding a 
VD with the coupling factor of kVD at the sixth resonator (middle of 
the chain) affects the transmission at the central frequency (Fig. 2b). 
It is shown, however, that the network demonstrates peak transmis-
sion performance when kVD = kRR. To operate close to this constraint, 
one may compensate for the low kVD (due to the z-axis distance) by 
increasing the coil overlap (along the x axis). The S21 profile com-
parison for various VD placements and modulating the VD com-
pensation is shown in Supplementary Fig. 5. Due to the reciprocal 
nature of the magneto-inductive array, various (single or multiple) 
VD placements along an inline network may possess similar trans-
mission profiles (Supplementary Fig. 6). This ultimately simplifies 
spectral optimization and minimizes design rules by enabling the 
planning of resonator placements before integration into clothing.

According to the benchtop measurement of the inline array of 
resonators (Fig. 2c) with a fixed Tx and a moving Rx, larger kRR (or 
smaller dc) results in an enhanced horizontal range; meanwhile, 
the S21 peak splits (Fig. 2a) and ends up with non-monotonic S21 
fluctuations along the network. The fluctuations agree well with 
the envelop of the In profile (Supplementary Fig. 2b) and show 
standing-wave formation. In addition, the wideband spectrum of 
the transmission (Supplementary Fig. 7) demonstrates the ability to 
optimize the metamaterial’s bandwidth. A small dc requires a larger 
number of coils per unit length, eventually increasing the loss at the 
coil transitions. Although long coils decrease the number of transi-
tions, on the other hand, the number of turns in each coil must be 
reduced (to maintain the same resonance frequency) and thus both 
LR and kRR are lowered, which is not ideal.

The magnetic-field profile simulation in an inline array (with 
a test VD in the middle) is implemented by the finite element 
method (Fig. 2d), demonstrating the standing-wave formation and 
the feasibility of our method for clothing transitions. Powerfully, 
the approach of magnetically coupled resonators offers in-plane 
coil rotation (in addition to bending), enabling the creation of 
various pathway styles including a meandered ‘S-shaped’ network  
(Fig. 2e). This allows the magneto-inductive waveguide network to 
pass through various points on the human body for sensing pur-
poses. The open-ended network may be reformed to a closed loop 
(Fig. 2f) and allows for reduction in the total number of resonators 
in the BAN, although it may enforce additional boundary condi-
tions on the network’s dispersion and suppress some modes. This 
concept can be robustly expanded where a pathway branches off 
from the main signal path (Fig. 2g). Each of the branches can be 
separately analysed by considering that their first element’s current 
is identical to the main pathway’s last element. The experimental 
transmission profiles of closed-loop and branched network archi-
tectures (operating as a magneto-inductive power divider) are 
quantitatively compared with the straight, undivided pathway. This, 
in addition to the electrical measurements and simulation of vari-
ous resonators, is illustrated in Supplementary Fig. 8. The magnetic 
profiles are simulated for various modes (induced by different coil 
distances; Supplementary Fig. 9).

To reduce the number of resonant elements, enhance the trans-
mission and achieve higher mechanical flexibility at the network’s 
branched sections, we merged the intersection coils (for example, 
three coils at the T-shaped junction) into one multi-ended coil. 
This noticeably reduces the system loss (created primarily by 
inter-resonators’ coupling loss). The reader/network mutual cou-
pling and resonator’s ohmic loss, however, yet exist but in lower 
orders compared with the interconnection attenuation (Fig. 2h).

Clothing integration and multi-sensor studies
An ideally functional BAN should be adaptable to pre-existing 
clothing and readily expand to the desired body areas based on the 
user’s needs. These should possess a mix-and-match feature in terms 
of positioning of the network and multiple sensors. Additionally, 

their functionality should not be limited to only a few hot spots on 
which the reader/sensor can be placed. Conventional textile BANs, 
however, usually use a conductive thread sewed on the clothing  
and are not particularly affordable or easy to fabricate. In addi-
tion, these textile networks usually suffer from the inability to cross  
different pieces of clothing due to their wired nature. Inspired by 
modern, low-cost, vinyl heat-transfer designs, we address such 
needs by proposing a facile and versatile technique of integrating 
metamaterial railways.

The coil trace and slotted ground layer were cut out of copper 
and aluminium foils, respectively (Fig. 3a). The copper coils mini-
mize the network attenuation and ohmic loss per resonator com-
pared with aluminium (1.5 Ω versus 3 Ω for the design shown in 
Supplementary Fig. 3), which—in addition to increasing the reso-
nator’s quality factor—enhances the network’s tolerance for mis-
alignments and possible resonator mistuning. After etching, the 
layers were first stacked, then placed on the clothing, and finally 
fixed by heat pressing (Fig. 3b–d). This simple resonator fabrica-
tion allows for unique/specialized network designs. For example, 
wider coils may be utilized to increase the textile area covered by 
the near-field propagation through the network. In addition to 
transparent vinyl, coloured opaque vinyl can be used to conceal 
the BAN and integrate with special vinyl designs, thus embedding 
NFC transfer capabilities underneath customizable clothing designs 
(Fig. 3e). The fabrication process is available in Methods. Numerous 
shirt- and pants-integrated network architectures with transparent 
and coloured vinyl designs are fabricated (Supplementary Fig. 10), 
which allow the network architectures to integrate smoothly along-
side traditional vinyl T-shirt designs.

The versatility of our network was evaluated by using various 
readers and sensors (including off-the-shelf chips and an optimized 
board design) that can be placed close (roughly within a vertical 
distance of 3 cm) to any point on the resonator chain (Fig. 3f). Our 
sensor board is based on a commercially available NFC transponder 
chip integrating an analogue-to-digital converter (ADC) unit that 
connects to a wide range of analogue sensors, such as strain and tem-
perature sensors (Supplementary Fig. 11). Multiple NFC transpon-
der access and readout were implemented by both an NFC-enabled 
mobile phone and programmed hardware, as explained in Methods.

Flexibility of the resonator elements exhibiting complex designs 
is improved by employing thin aluminium, copper and vinyl coat-
ings. Each fabricated resonator element has an overall thickness of 
about 300 µm and does not impede routine clothing movements. 
The spectral stability of a resonator array (80 cm long and integrated 
into cotton clothing) was examined by measuring the transmis-
sion (S21) along the two ends of the network under various levels 
of bending and axial twisting. This shows steady transmission with 
a minimum bandwidth of 16%. The functionality of the BAN is 
tested under more severe mechanical deformations such as multiple 
full (360°) bendings and random creasings. The repeatable stabil-
ity of the BAN was examined under mechanical distress by creas-
ing at random locations along the network (followed by immediate 
unwrapping and repeating several times; Fig. 4a).

Here we used a software-based time-domain multiple access 
(TDMA) approach to achieve switching between the sensing nodes. 
The controlled surface propagation of magneto-inductive waves 
eliminates the need for multiple near-field antennas (connected by 
a wire)40,41 or complex antenna-switching schemes (needing active 
microelectronics). This allows conventional NFC-enabled smart-
phones to operate as compatible readers. The network’s wireless 
efficiency was examined by measuring the NFC packet reception 
ratio (PRR), defined as the ratio of the number of packets suc-
cessfully received by the reader to the total number of transmitted 
packets. Each packet consists of sensor information from all the 
transponders along the network during one refresh. We note that 
in practice, however, latency and hysteresis of the strain sensor limit 
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its performance at higher frequencies (Methods). In addition, the 
TDMA approach allows up to 12 sensors to be connected along the 
network. There is a trade-off between the sampling rate, number 
of sensors and packet loss. The PRR is measured for varying num-
bers of sensors in reach of the reader (with a sampling rate of 5.6 Hz 
per sensor), as well as for various sampling rates (with six sensors) 
in an inline network of an overall length of 100 cm (Fig. 4b,c).

The ability to continuously monitor wireless NFC-enabled 
devices all along the magneto-inductive resonator railway offers 
useful applications in unique scenarios such as moving joints within 
actuators/robotics (which cannot be powered through NFC’s regu-
lar range) or within highly traceable terminals in gates where mul-
tiple objects may move along a local path length (where traditional 
RF identification would again fail). To validate the drag-and-drop 
feature of the BAN, we power and probe sensors moving along the 
network (1 m length) at different velocities and various numbers of 
sensors within reach. The surface-bound magnetic profile of the 
planar magneto-inductive array allows for relatively fast sensor 
dragging with a reliable PRR of above 95% (Fig. 4d).

The upper body part of our studied BAN was designed in a 
zigzag shape, passing over the abdomen and chest area, although 
offering the ability to extend the network to the back of the body 
(potentially interacting with NFC-enabled seats). Similarly, we 
designed an inline array starting from the hip, passing over the knee 
and ending by the ankle. The shirt’s network ending was designed 
to overlap with that of the pants within a vertical distance, thus 
enabling wireless signalling across different pieces of clothing (Fig. 
5a). Methods provides detailed sensor placements. The multi-point 
sensor readout was performed while standing, walking, squat-
ting and waist bending for different temperature zones simulated 
indoors. All the sensor values were time stamped, transmitted 
and recorded by the reader at a sampling rate of 5.6 Hz per sensor 
(equivalent to an overall rate of 16.8 Hz for all the sensors operating 
together). To minimize the resistive strain and temperature sensor’s 
hysteresis effect and random noises, we applied a data processing 
algorithm for each sensor value (the processing flow chart is shown 
in Supplementary Fig. 12). This strategy was implemented in real 
time and a few seconds after the start of recording (Methods pro-
vides the filtering details). This approach effectively achieved steady 
data with minimal noise fluctuations. The sensors’ raw and filtered 
samples during a short-term exercise (walking for eight steps, six 
bends and seven squats, each in two different temperature zones) 
are depicted in Fig. 5b. The cold/hot temperature zones correspond 
to locally different but close indoor spots generated by a fan/heater 
(the reference temperature profile is sampled by an infrared ther-
mometer). For applications with conservative power consumption, 
low-sampling-rate versions of the exercises are performed as well 
(Supplementary Fig. 13a,b).

To validate the behaviour of the magneto-inductive BAN under 
longer-term function during more strenuous exercise, we relocated 
the temperature sensor along the BAN to near the underarm and 
fixed the sensor’s probe on the skin (through a hole on the shirt to 
capture the core temperature correlate as well). We used a condi-
tional peak detection algorithm to extract the step and pace from 
the knee and ankle angle information (Fig. 5c,d). The network’s PRR 
was recorded during the activity (Fig. 5e; Methods provides details 
on the long-term activity validation). The long-term functionality is 
tested for the lower body part of the network with knee and ankle 
angles and a temperature sensor (fixed on the skin to capture the 
skin’s surface temperature) during indoor cycling (Supplementary 
Fig. 13c). Due to the compatibility of the magneto-inductive BAN 
with the NFC standard, the network operates for a wide range of 
commercially available NFC-enabled devices (such as smartphones 
and sensors), with real-time, buffered, offline or cloud-based eco-
systems. A sample off-the-shelf NFC ecosystem is integrated into 
our BAN and tested (Supplementary Fig. 13d).

The surface propagation characteristics of the 
magneto-inductive structures enable seamless body-to-body 
communication with no need for terminals. The link is readily 
established by putting any point of the two contributing BANs 
close enough (similar to the vertical distance between different 
pieces of clothing; Fig. 5f and Supplementary Video 1). The exter-
nal NFC may similarly be generalized to nearby local networks 
integrated into, for example, driver seats or gateways for monitor-
ing and authentication purposes.

Due to the vinyl sealing of the network, it demonstrates good 
spectral stability versus wetting. To mimic human sweating (or 
light raindrops), we added incremental volumes of salty water (a 
total of 30 ml, with NaCl concentration of 200 mg l–1) on top of the 
network (covering about 90 cm2 of the resonators), resulting in a 
3% frequency shift and maintaining steady network transmission. 
Additionally, the textile survived 20 min of handwashing in cold 
water with stable measured transmission over various washing 
phases (Supplementary Fig. 14).

The magneto-inductive BAN can be synthesized on demand and 
at a low cost for personalized wearable networks. This ecosystem can 
be utilized in various clinical, athletic and daily routines to facilitate 
real-time healthcare and status monitoring. For instance, integration 
into patient uniforms in hospitals could allow for seamless patient 
monitoring where sensors are dragged and dropped across clothing. 
Professional sports clubs or federations may develop highly custom-
ized networks that may be both integrated with their branding and 
optimized to serve specific needs in athletic training and monitor-
ing. The vinyl-based resonator elements enable users to freely cre-
ate and readily arrange the network without special equipment, and 
can be targeted for either local or long-range monitoring along the 
body. Sensing nodes may be seamlessly swapped or rotated to facili-
tate plug-and-play measurement of a variety of relevant parameters. 
Lastly, the magneto-inductive BAN is compared with some recent 
over-the-air network technologies in Supplementary Table 1.

Conclusions
We have reported a near-field multiBAN system in which wire-
less sensing nodes can be placed anywhere along the network in 
a plug-and-play fashion, and the network itself can be designed, 
built and extended with minimal effort. Our networks offer 
secure, battery-free, object-to-object and body-to-body transfer of 
NFC data. The networks are created using a low-cost, rapid pro-
totyping technique of synthesizing textiles functionalized with 
magneto-inductive waveguides tuned to NFC bands. We expect that 
the modular nature of this network could allow the concept to be 
extended in a number of directions. The layer-by-layer conductive 
vinyl could be readily modified with emerging bio-interactive mate-
rials and sensors, and could allow electronic components to be built 
alongside the body. We also expect the magneto-inductive elements 
to be scalable to different frequency bands as required by the user, 
enabling application or person-specific transmission.

Methods
Numerical methods. The equivalent circuit’s behaviour was modelled in 
MATLAB R2020b and validated in Advanced Design System 2020, Keysight. The 
finite element method simulations of the grounded resonators (including the 
magnetic-field profile demonstration) were conducted in COMSOL Multiphysics 
5.5 (using electromagnetic waves and magnetic-field physics).

Resonator fabrication. The grounded resonators were fabricated by stacking a 
copper sheet (25 µm thick) on a transparent self-adhesive vinyl-film substrate. 
Similarly, we used aluminium foil (14 µm thick) for the ground layer. The metal/
vinyl layers were stacked on the adhesive cutting mat and cut using a Silhouette 
Cameo 3 system (Silhouette America). The complementary pattern of the metal 
foil was etched after cutting. Then, the top aluminium surface of the ground stack 
was coated with a general-purpose adhesive spray. The coil (copper/vinyl stack) was 
then aligned and placed on top of the adhesive-coated surface of the ground layer 
(aluminium/vinyl stack) after one minute. The final stack (copper/vinyl/aluminium/
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vinyl) was then immediately covered by inflammable fabric and heat pressed 
under 260 F for 45 s and allowed to cool afterwards. The adhesive coating should 
be uniform and controlled to avoid resonance frequency shifts. The resonance 
behaviour of the grounded coils was then measured (and tuned, if necessary) with 
a vector network analyser (E5063A, Keysight) linked to a loop antenna via an 
SMA connector to ensure all the elements resonate at 13.56 MHz to achieve the 
maximum transmission (a frequency mistuning of about 0.3 MHz was found to 
be tolerable). The tuning was performed by etching the copper trace (a lower loop 
length results in lower LR and CR, which increases the resonance). Optionally, an 
additional transparent vinyl layer may be placed on top of the resonator (adhesive 
facing copper) to seal the resonator and enhance the mechanical and waterproof 
properties. The ground layer should be of the same shape as the resonating loop and 
cover its entire area. We added a 1 mm margin to suppress the fringing electric fields 
(from the resonator to the body) as well. The ground layer’s gap distances should be 
as small as a millimetre to efficiently eliminate eddy currents (Supplementary Fig. 1).

Systematic design procedure of the magneto-inductive network. After designing 
the resonator such that it resonates at 13.56 MHz, we measured the electrical 
characteristics (impedance) of the identical resonators and substituted them in our 
model to find the approximate kRR value based on the dispersion diagrams. For 
our rectangular coil geometry, kRR = 0.1 maps onto 3.2 cm of the neighbour-loop 
overlap (that is, dc = 12 cm). One may redesign the loop resonator to match a 
particular clothing shape or application, resulting in a different kRR and thus dc.

Textile integration. After locating and placing the resonators on top of the 
clothing, a heat-transfer vinyl (transparent or opaque depending on the design 
preference) was cut and put on top, and then heat pressed under 300 F for 1 min 
and allowed to cool afterwards. Cotton clothing is often suggested by vinyl 
manufacturers due to its tolerance to high temperatures.

NFC sensor transponder. We implemented our sensor ecosystem using ISO15693 
sensor transponder RF430FRL152H (Texas Instruments (TI)) with unique 
identifications, and designed a custom miniature board containing NFC loop 
antennas (to couple better with our resonators) and analogue sensor-biasing 
resistors to minimize the ADC gain error. The chips were then programmed over 
the air to announce the ADC output (known as the sensor value) on the reader’s 
interrogation command under ISO15693. The programming was performed using 
TI’s graphical user interface to interface between the TRF7970A (TI; mounted on 
MSP430G2553 (TI)) and the transponder chip. We used off-the-shelf strain (short 
flex sensor, Adafruit Industries) and temperature (CTTS-203856-S02, Amphenol 
Advanced Sensors) sensors embedded in our transponders. The sampling rate 
(32 Hz) here is significantly higher in comparison to earlier NFC multiplexing 
techniques (8 Hz) for a single sensor12. The strain sensor (used under 30% strain 
here, enough to measure knee/ankle bending during activities) showed latency 
of less than 200 ms, which allowed a sampling rate of 5.6 Hz per sensor. The 
sampling rates for activity measurement (5.6 Hz per sensor) were set based on the 
PRR (above 95% for at least five sensors) and the Nyquist sampling theorem (that 
the sampling rate must be over twice as fast as the activity’s highest frequency 
component, which was estimated to be less than 2.5 cycles or steps per second). 
The PRR studies (Fig. 4b,c) were run for 10 min (for each number of sensor and 
each sampling rate) to ensure the PRR values reflect the steady state of the network.

Multi-sensor readout and reliability check. To evaluate the worst-case 
transmission scenario, any packet with at least one failed sensor data (even if all the 
other sensor data are successfully delivered) is counted as lost. Our software-based 
TDMA (integrated into an NFC pathway ecosystem with sensing nodes 1 m away 
from the central reader) reached a maximum refresh rate of 32 Hz for one sensor, 
exhibiting a PRR above 98%. This approach allows for a wide array of sensor types 
used for frequent monitoring. To maintain the same PRR with a larger number 
of sensors, the sampling rate should be accordingly lowered. We utilized an NXP 
PN7150 NFC controller shield mounted on a Raspberry Pi system to perform 
the sensor readout, which broadcasts the reading command along the BAN. To 
avoid collision among the transponders receiving this command, multiple access 
with round-robin scheduling was implemented to enable time division between 
the NFC transponders discovered at the time and looped until receiving the 
termination command. For sensors with higher readout priority or sampling rate, 
rate-monotonic scheduling might be beneficial.

Multi-clothing design and sensor placements. Since the network on the 
pants passes over the pocket, the NFC reader could be placed in the pocket for 
appropriate excitation, similar to mobile devices routinely placed in pockets. 
For measuring the pattern of basic human daily activities, we placed two strain 
sensors at the abdomen area and knee (for bending and pacing recognition) and 
a temperature sensor above the hip (recording the near-body temperature), with 
sensing nodes located in the vicinity of the network. The stand-alone reader 
(placed on the pants pocket) was powered by a wired external battery, and the 
sensor data were wirelessly streamed to an online cloud platform. Here the 
co-location of the sensors does not matter as long as they are within the reader’s 
sensitivity range (equivalent to transmission above approximately −35 dB here).

Long-term activity validation. The indoor walk/run was performed under varying 
speed profiles and a locally controlled ventilation system nearby, and the sensors 
were probed at a sampling rate of 5.6 Hz per sensor. The knee and ankle angles 
obtained from the BAN-based measurement were compared with a reference video 
processing toolbox (video motion capture) to validate the measured actions. The 
running test was repeated three times (25 min each) under room temperature, in 
which the ventilation was turned on in the middle of the experiment. Here the 
core body temperature correlation increased during more strenuous activity, and 
expectedly reduced (to room temperature) when ventilation was initiated.

Off-the-shelf NFC transponders. The BAN’s versatility test was performed 
using STEVAL-SMARTAG1 NFC transponders. Among the embedded pressure, 
temperature, humidity and accelerometer sensors, we utilized the accelerometer 
sensor to detect running while placing the transponder on the ankle. The readout 
was performed with the ST NFC Sensor application on an Android device.

Verification of activity monitoring. The video tracking of human-activity test 
subjects was performed using the OpenCV library implemented using Python 
programming. The measured temperatures were verified with an infrared 
thermometer. The exercise tests were run by a male human (height, 172 cm; 
weight, 62 kg).

Real-time sensor data processing. Real-time filtering operates on the basis of the 
standard deviation (s.d.) of the last four samples (independently for each sensor) 
and decides to filter or pass the incoming data depending on the fluctuations. The 
minimum and maximum bounds of the acceptable s.d. are found by the strength 
of the random noise and extreme fluctuations (such as dropped packet or analogue 
sensor overflow), respectively. Any sensor values between these boundaries are 
passed; otherwise, the mean value of the last four samples (including the new 
sample) is stored to hold the acceptable data. The thresholds vary based on the 
sensor’s noise characteristics and obtained by calibration, and were not altered 
throughout the experiments.

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding author upon reasonable request.

Code availability
The code supporting the NFC readout within this paper is available from the 
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