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Implant-to-implant wireless networking with
metamaterial textiles

Xi Tian 1,2,11 , Qihang Zeng1,2,11, Selman A. Kurt 1,11, Renee R. Li3,4,
Dat T. Nguyen 1,2,5, Ze Xiong1,2,6,7, Zhipeng Li 1, Xin Yang 1, Xiao Xiao1,
Changsheng Wu2,6,8, Benjamin C. K. Tee 2,6,8, Denys Nikolayev 9,
Christopher J. Charles 3,4,10 & John S. Ho 1,2,6

Implanted bioelectronic devices can form distributed networks capable of
sensing health conditions and delivering therapy throughout the body. Cur-
rent clinically-used approaches for wireless communication, however, do not
support direct networking between implants because of signal losses from
absorption and reflection by the body. As a result, existing examples of such
networks rely on an external relay device that needs to be periodically
recharged and constitutes a single point of failure. Here, we demonstrate
direct implant-to-implant wireless networking at the scale of the human body
usingmetamaterial textiles. The textiles facilitate non-radiative propagation of
radio-frequency signals along the surface of the body, passively amplifying the
received signal strength by more than three orders of magnitude (>30 dB)
compared to without the textile. Using a porcine model, we demonstrate
closed-loop control of the heart rate by wirelessly networking a loop recorder
and a vagus nerve stimulator at more than 40 cm distance. Our work estab-
lishes a wireless technology to directly network body-integrated devices for
precise and adaptive bioelectronic therapies.

Implanted bioelectronic devices such as stimulators1–3, sensors4–6,
and drug delivery devices7–9 have revolutionized the treatment of
various disorders. Their miniaturization has led to the possibility of
deploying multiple networked devices throughout the body, which
can sense health conditions and deliver therapy to address a broad
range of unmet clinical needs10–12. Distributed networks of bioelec-
tronic implants can, as examples, adaptively regulate autonomic
functions13,14, provide closed-loop prosthetic sensory feedback15,
and autonomously manage diabetes16. However, the interconnec-
tion of distributed implanted devices into a functional network

remains a major technological challenge. Wireless networking
approaches are necessary for the long-term operation of such
implants17,18. Existing technologies used for wearable sensors19,20,
however, cannot be easily adapted for implantable devices due to
losses resulting from signal reflection and absorption by biological
tissues21,22. Consequently, existing examples of networked wireless
implants all rely on indirect signal transmission mediated by a
battery-powered relay device placed outside of the body11,16.
Although this approach has some medical applications, its use
outside of clinical settings is hindered by the need for the external

Received: 8 February 2023

Accepted: 3 July 2023

Check for updates

1Department of Electrical and Computer Engineering, National University of Singapore, Singapore 117583, Singapore. 2Institute for Health Innovation and
Technology, National University of Singapore, Singapore 117599, Singapore. 3Cardiovascular Research Institute, National University Heart Centre, Singapore
117599, Singapore. 4Department of Surgery, Yong Loo Lin School of Medicine, National University of Singapore, Singapore 119228, Singapore. 5Integrative
Sciences and Engineering Program, NUS Graduate School, National University of Singapore, Singapore 119077, Singapore. 6The N.1 Institute for Health,
National University of Singapore, Singapore 117456, Singapore. 7Department of Biomedical Engineering, National University of Singapore, Singapore 117583,
Singapore. 8Department of Materials Science and Engineering, National University of Singapore, Singapore 117575, Singapore. 9IETR – UMR 6164, CNRS,
University of Rennes, Rennes, France. 10Christchurch Heart Institute, Department of Medicine, University of Otago, Christchurch, New Zealand. 11These
authors contributed equally: Xi Tian, Qihang Zeng, Selman A. Kurt. e-mail: tianxi@u.nus.edu; johnho@nus.edu.sg

Nature Communications |         (2023) 14:4335 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0003-1633-1210
http://orcid.org/0000-0003-1633-1210
http://orcid.org/0000-0003-1633-1210
http://orcid.org/0000-0003-1633-1210
http://orcid.org/0000-0003-1633-1210
http://orcid.org/0000-0002-4549-0774
http://orcid.org/0000-0002-4549-0774
http://orcid.org/0000-0002-4549-0774
http://orcid.org/0000-0002-4549-0774
http://orcid.org/0000-0002-4549-0774
http://orcid.org/0000-0003-2750-3145
http://orcid.org/0000-0003-2750-3145
http://orcid.org/0000-0003-2750-3145
http://orcid.org/0000-0003-2750-3145
http://orcid.org/0000-0003-2750-3145
http://orcid.org/0000-0002-8139-2522
http://orcid.org/0000-0002-8139-2522
http://orcid.org/0000-0002-8139-2522
http://orcid.org/0000-0002-8139-2522
http://orcid.org/0000-0002-8139-2522
http://orcid.org/0000-0002-1085-9340
http://orcid.org/0000-0002-1085-9340
http://orcid.org/0000-0002-1085-9340
http://orcid.org/0000-0002-1085-9340
http://orcid.org/0000-0002-1085-9340
http://orcid.org/0000-0001-8125-9396
http://orcid.org/0000-0001-8125-9396
http://orcid.org/0000-0001-8125-9396
http://orcid.org/0000-0001-8125-9396
http://orcid.org/0000-0001-8125-9396
http://orcid.org/0000-0002-5168-3759
http://orcid.org/0000-0002-5168-3759
http://orcid.org/0000-0002-5168-3759
http://orcid.org/0000-0002-5168-3759
http://orcid.org/0000-0002-5168-3759
http://orcid.org/0000-0001-9807-8022
http://orcid.org/0000-0001-9807-8022
http://orcid.org/0000-0001-9807-8022
http://orcid.org/0000-0001-9807-8022
http://orcid.org/0000-0001-9807-8022
http://orcid.org/0000-0002-9458-9033
http://orcid.org/0000-0002-9458-9033
http://orcid.org/0000-0002-9458-9033
http://orcid.org/0000-0002-9458-9033
http://orcid.org/0000-0002-9458-9033
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-39850-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-39850-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-39850-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-39850-2&domain=pdf
mailto:tianxi@u.nus.edu
mailto:johnho@nus.edu.sg


device, which needs to be periodically recharged and constitutes a
single point of failure23–26.

Here, we demonstrate an approach to achieve direct implant-to-
implant wireless networking of bioelectronic implants across the
human body (Fig. 1a). Our approach employs wearable metamaterials—
artificial materials with a subwavelength structure that enable extra-
ordinary control over optical, acoustic, and radio-frequency fields27,28.
Metamaterials have found broad applications in wireless technology,
ranging from wireless communication29,30 to remote sensing31–33, wire-
less power transfer34–36, and wave-based computing37,38. To implement
our approach, we design metamaterial textiles that can passively facil-
itate the non-radiative propagation of radio-frequency signals along the
surface of the body39–41, enabling direct communication between
implants using established wireless protocols (Fig. 1b, c). We establish
wireless connectivity between the textile and implants by coherently
amplifying the signal on the surface of the body using phased textile
structures (Fig. 1d). Thesemetamaterial textiles can be easily integrated
into regular clothing42 and are compatible with the Bluetooth Low
Energy standard used in commercially available medical devices. We
show that the wireless transmission efficiency between implants inter-
connected through suchmetamaterial textiles can be enhanced by over
three orders of magnitude (>30dB) compared to without the textile.
Additionally, we demonstrate in a porcinemodel closed-loop heart rate
control by wirelessly networking an implanted loop recorder and a
vagus nerve stimulator (VNS) that are >2.5 cm deep and>40 cm apart.

Results
System overview
Efficient wireless implant networking is challenging due to the unique
transmission characteristics of the human body at radio frequencies.

Unlike wearable devices that rely on wireless communication through
the air, implants face significant communication challenges due to
radio-frequency wave reflection and absorption by the heterogeneous
biological tissues within the body, resulting in high transmission loss.
To overcome these limitations, metamaterial textiles must meet three
key criteria. Firstly, they must support surface modes over the oper-
ating frequency range, allowingwireless signals to propagate along the
body contour and circumvent the need for direct transmission
through tissue40,43. Secondly, the metamaterial must bridge the mis-
match between air and tissue to efficiently convert the radiation from
implants into surface waves. Finally, the metamaterial must be passive
and wearable, such as by integrating them into conventional clothing.

We developed a metamaterial textile (Fig. 1a) that meets the
requirements for direct implant-to-implant wireless networking in the
human body. To illustrate its functionality, Fig. 1e demonstrates
wireless signal transmission between an implanted sensor and a sti-
mulator. The sensor, located 4 cm beneath the skin, emits a wireless
signal via a dipole antenna parallel to the interface. The metamaterial
structure is engineered to convert the wireless signal to highly con-
fined surface waves that propagate along the textile. When the surface
waves reach the end of the structure, they excite currents within a
concentric ringed structure, which we refer to as a phased surface34,
that focuses the signal on the implanted receiver. Full-wave electro-
magnetic simulations show that the implant-to-implant transmission
efficiency is over three orders of magnitude (>30 dB) higher than
without the metamaterial textile for distances ranging from 10 to
50 cm (Fig. 1f). A comparison with a relay system that uses radiative
communication devices placed directly over the sensor and stimulator
shows an improvement in transmission efficiency of more than 20 dB
(Fig. 1f). The subwavelength structuring of the metamaterial plays a
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terials. a Illustration of a wireless implantable medical devices network inter-
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but require additional transceivers, d metamaterial textiles enable efficient long-

distance and deep-tissue transmission. e Simulated magnetic field distribution ∣Hx∣
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crucial role in achieving this enhanced transmission, as unstructured
conductive textiles yield transmission efficiencies comparable to no
textiles (Supplementary Figs. 1–3).

System design
The metamaterial textile structure comprises a spoof surface plas-
monic (SSP) waveguide40, terminated by impedance matching
sections43 and phased surface structures34 at both ends, as illustrated
in Fig. 2a. Each component is made up of a conductive planar pattern

on the top layer, an intermediate fabric layer and unpatterned con-
ductive textile on the bottom layer (Supplementary Fig. 4). The phased
surfaces play a crucial role in enabling the metamaterial structure to
wirelessly interfacewithdevices implanted in the body, serving toboth
capture signals emitted from an implant and focus surface waves
propagating on the textile into the body on a target device. Previous
studies on similar structures were conducted in the context of wireless
power using copper strips excited by a coaxial cable34. We adapted the
structure to support a feed structure in which the excitation is applied
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from the side without reducing the magnitude of the excited currents
(Fig. 2b, Supplementary Fig. 5), allowing it to be fabricated fromplanar
conductive textiles. To focus the signal into the body, reactive ele-
ments (0.3–4.0pF capacitors) control the phases of currents flowing
through each ring, creating resonances within the 2.4–2.5 GHz indus-
trial, scientific and medical band (ISM) frequency band (Supplemen-
tary Fig. 6). The phases of the currents flowing through the rings cover
the entire 2π range required for complete wavefront control, as shown
in Fig. 2e and Supplementary Fig. 6. The optimal phases are solved
using the numerical scheme described in Supplementary Methods 1,
based on the impedance matrix describing the mutual coupling
between the rings and the target device. Owing to Lorentz reciprocity,
the resulting structures can both efficiently receive radiation from
implants and focus wireless signals to a target region greater, as illu-
strated at depths exceeding 4 cm in Supplementary Figs. 7 and 8.

The conformal propagation of the wireless signal along the body
is facilitated by the SSP waveguide (Fig. 2c). To ensure that the fun-
damental surface mode supports frequencies within the desired ISM
band, an analytical model of the surface plasmon mode dispersion
(Fig. 2f) is utilized to design the structure’s dimensions (Supplemen-
tary Methods 1)40. Following a previously established design
procedure40, we obtain a set of geometrical parameters that satisfies
the requirements for surface wave propagation while having dimen-
sions suitable for textile manufacturing. As shown in Fig. 2f, the
structure parameter h plays a key role in tuning the wavelength of the
surface wave and the decay constant of the field above the surface.
Simulations indicate that the surface currents of the fundamental
mode flow along the comb edges and have a periodicity dictated by
the spoof surface plasmon wavelength, rather than the spacing of the
comb teeth (Supplementary Fig. 9).

The final component of themetamaterial design is the impedance
matching section, which connects the SSP waveguide with phased
surfaces at both ends (Fig. 2d). To make it compatible with textile
fabrication processes and enable seamless integration into clothing,
we developed a gradient matching section by gradually tapering a
corrugated strip. The number of units N is varied to minimize reflec-
tion from a 50Ω port43. Figure 2g demonstrates that by selectingN = 3,
we achieved a conversion loss of 0.94 dB.

The metamaterial textiles exhibit remarkable robustness to fold-
ing and bending, unlike conventional radio-frequency devices. Simu-
lations demonstrate that the transmission loss is <2 dB for a U-turn
with a radius of curvature of 1.25mm (Supplementary Fig. 10). Fur-
thermore, the SSP structure is capable of withstanding multi-
directional bending and stretching, as demonstrated in more intricate
deformations simulated in Supplementary Figs. 11, 12. Only when the
phased surfaces are bent in the longitudinal direction with a radius of
curvature <8 cm is significant signal degradation observed.

Networking of multiple wireless implants is also possible using a
power divider structure with multiple phased surfaces. When a single
implant terminal is excited, multiple phased current hotspots are
generated, allowing for multinodal implant networking (Supplemen-
tary Figs. 13, 14). Although the wireless transmission in such a network
is inversely proportional to the number of terminals, due to the aver-
aged distribution of energy over multiple terminal phased surfaces,
evenwith five implants at 4 cmdepth, the transmission to each node is
still about 34 dB higher than the case without metamaterial textiles,
which is sufficient for reliable implant-to-implant communication.

In Fig. 2h, we demonstrate the integration of metamaterial textiles
with a cotton polyester shirt. The entire metamaterial textile platform is
fabricated by laser-cutting conductive textile (Cu/Ni polyester), which
was then attached to the shirt with fabric adhesive. Full-wave simula-
tions of implant communication in a human bodymodel reveal that the
textile surface is able to capture emitted signals, which propagate
around the body curvature before being focused onto the implanted
receiver, as demonstrated in Fig. 2i. In contrast, implant communication

performed in the absence of the metamaterial textile is less efficient by
more than three orders of magnitude due to the obstruction by the
body and body-air mismatch. In addition, we evaluated the wireless
communication of implants in different scenarios (Fig. 2j). The simula-
tion results show that our metamaterial textiles can enhance the wire-
less communication by 30–40dB, which translates into lower power
consumption and higher data throughput of wireless communication40.

System characterization
We characterized the implant communication system by measuring
wireless transmission in a water tank (50 cm×45 cm× 30 cm, Supple-
mentary Fig. 15). We investigated the dependence of the wireless
networking performance on variations in the geometrical configura-
tion, as schematically illustrated in Fig. 3a, b. Figure 3c, d shows that,
although thewireless transmission generally decreases with increasing
distance L between the implant antennas or increasing implanted
depth z, there is at least a 25 dB enhancement in all cases with the
metamaterial textiles compared to that without. Hence, the textile
platform can network implants that are deep in tissue (z > 5 cm) and
distributed across the human body (L > 35 cm). The wireless perfor-
mance is also robust to changes in orientation or alignment due to the
movements of the implants or the phased surfaces. Figure 3h
demonstrates that, despite the transverse polarization of the gener-
ated electric field relative to the phased surface, the signal can still be
detected at all azimuthal angles θwithout any nulls. Specifically, when
the receiver is placed longitudinally (θ = 90°), the transmission
decreases to −82 dB, but still achieves over 10 dB enhancement com-
pared to the radiative case without metamaterial textiles.

To assess the robustness of the signal enhancement, we con-
ducted real-time monitoring of the wireless signal strength between
two Bluetooth modules while pouring water into an acrylic container
(see the “Methods” section and Supplementary Movie 1). The relative
signal strength indicator (RSSI) between the two modules inside the
container was recorded as the water was poured into the initially
empty tank, followed by repeatedly attaching and removing the
metamaterial textiles on its wall. As shown in Fig. 3i, a direct Bluetooth
connection between the devices was maintained until the water level
reached 1 cm above the device, at which point the RSSI dropped
to −100dB, indicating a disconnection. However, the wireless con-
nection was immediately re-established when the metamaterial textile
was placed on the wall of the tank. A comparison of RSSI shown in
Fig. 3j shows the crucial role of metamaterial textiles in enabling
wireless networking between the implants.

Wireless networking and closed-loop control of implants
Ourmetamaterial textiles efficiently convert radiative waves to surface
waves, facilitating robust radio wave propagation and enabling wire-
less networking of various implantable devices. This capability may
open new opportunities for closed-loop bioelectronic therapies with
networked devices equippedwith sensing and actuating functions. For
instance, diabetic patients could benefit from networked sensors and
drug delivery implants for autonomous glucose level management16

and paraplegics could recover motor function using a synchronized
network of neural recorders and stimulators44,45. As a demonstration of
networking capabilities, we successfully wirelessly networked two
functional devices implanted in an adult living pig (45 kg) to achieve
autonomous heart rate management.

We implanted a wireless loop recorder with two thin titanium
electrodes in the right chest of an adult living pig (45 kg) and a VNS
stimulator equipped with a commercial nerve cuff (3mm inner dia-
meter, 15mm length, 1mm electrode width, MicroProbes) in the neck.
Each implant node was powered by a 100mAh lithium-ion polymer
battery and encapsulated with transparent silicone (see the “Methods”
section, Supplementary Figs. 16–18). After the successful implantation
of these devices, the metamaterial textile was placed over the body
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surface. Initial placement of the metamaterial textile relied on feed-
back from the implants without the use of imaging guidance (Sup-
plementary Fig. 19). Once the textile placement was determined,
wireless networking of the implants was repeatable and tolerant to
misalignment (±1 cm, Supplementary Fig. 20). Computed tomography
(CT) scans show the relative positions of the metamaterial textile and
the implanted devices in a three-dimensional reconstruction (Fig. 4a
and Supplementary Fig. 22a–c) and cross-sectional image (Fig. 4b and
Supplementary Fig. 22d, e). The depth of implantation ranged from 2.5
to 3 cm from the skin surface.

Once networked, the loop recorder and VNS nodes establish a
close-loop heart rate sensing and modulation system. Specifically,

the loop recorder continuously records the electrocardiogram
(ECG) of the pig and calculates its heart rate. Once the heart rate
exceeds a threshold hrt, the loop recorder (ECG node) sends an
instruction to the VNS node to start vagus nerve stimulation until
the heart rate recovers below the threshold. The recorded ECG
waveform and output stimulation signal from the VNS node are
plotted in Fig. 4c, d. We also evaluated the wireless communication
performance in the pig bymeasuring the RSSI and ∣S21∣ between the
two nodes (Fig. 4e, f and Supplementary Fig. 23). Due to the long
distance between these two implants, a direct conventional Blue-
tooth connection could not be established through tissues with
RSSI below −100 dB. In contrast, our metamaterial textile brought
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loop recorder, and VNS node. The distance between two implants and depths of
implantation from the metamaterial textile are labeled. Scale bar, 5 cm. c Block
diagram of the wireless closed-loop sensing (loop recorder) and stimulation (VNS
node) system.When the detected heart rate (HR) increases above the threshold hrt,
VNS nodewill turn on the stimulation until the heart rate recovers.dRecorded ECG
waveforms of the loop recorder with R-peak (RR) intervals labeled (left) and output

stimulation signals of the VNS node (right). e RSSI received during Bluetooth
interconnection of the two implanted nodes. f Comparison of ∣S21∣ (left) and RSSI
(right) with andwithout themetamaterial textile. Error bars showmean± s.d. of the
transmission spectra within 2.4–2.5 GHz (left) and RSSI values in e (right).
g Calculated heart rate during two dose injection cycles. Dashed black lines show
the heart rate threshold hrt. h 5-min change in heart rate after it plateaued during
two trials as a function of time (error bars indicatemean± s.d. of the previous 1-min
heart rate). i Comparison of ECG signal segments 5min after the heart rate pla-
teaued. Fewer peaks detected in 5 s indicate lowerheart rate. Peaks aremarkedwith
squares. Source data are provided as a Source Data file.

Article https://doi.org/10.1038/s41467-023-39850-2

Nature Communications |         (2023) 14:4335 6



about a 33 dB enhancement, thus enabling an efficient wireless
implant network.

We next illustrate in vivo sensing and therapy using our meta-
material textile-enabledwireless implant network. Figure 4g shows the
heart rate recorded from the loop recorder (Supplementary
Figs. 24–26). After the first injection of phenylephrine (vasocon-
strictor), we observed a rapid increase in heart rate, reaching a max-
imum of 86 bpm, which was set as the stimulation threshold hrt. Upon
the second injection, the VNS node was automatically triggered once
theheart rate exceeded thehrt. Successful vagus nerve stimulationwas
verified through a comparison of 5-minute heart rate trends after
plateauing during the two trials (Fig. 4h). In Fig. 4i, the ECG signal
segment at t4 shows a lower heart rate compared to t2, resulting from
the implant stimulation as seen from a reduction in detected peaks.
Thus, the wireless networking capability was verified by in vivo
demonstration of a closed-loop sensing-therapy implants system.

Discussion
Wehavedemonstrated adistributed,wirelessnetwork of bioelectronic
implants that provides closed-loop control of physiological activity.
Radio-frequencywireless connectivity between implants is established
without an external relay using metamaterial textiles that passively
amplify the received signal strength by more than three orders of
magnitude. Experiments demonstrate the robustness of the network
under a wide range of operating conditions, including displacement
and creasing of the textile and rotation of the implants. In vivo, studies
in a porcine model show the capability of the technology to wirelessly
interlink distributed sensors and stimulators at the scale of the human
body for adaptive heart rate control. Our approach is compatible with
standard wireless protocols, such as Bluetooth Low Energy, that are
clinically used by connected medical devices.

Future research efforts can focus on improving the orientation
tolerance of the wireless network. Despite demonstrating a significant
enhancement (>10 dB) even under the worst possible orientation, our
current design relies on linearly polarized fields, rendering it sensitive
to the relative orientation of the implant. To overcome this limitation,
exploring metamaterials that support circularly polarized fields can
enhance the robustness of wireless networking. Our present design
facilitates low-power networking between devices implanted up to a
depth of 5 cm, which is sufficient for a broad range of clinical
applications46. By increasing the power of the emitted signal and
optimizing the textile further, a greater depth of networking can be
achieved. In particular, a larger diameter of the phase surface can
significantly improve signal reception and transmission by increasing
the aperture. While our textiles are robust to a wide range of defor-
mations, excessive degrees of bending and twisting can degrade net-
working performance. Further work may address this challenge by
strategically placing more rigid textiles to limit deformation in the
most sensitive regions of the metamaterial while preserving flexibility
in regions essential for body motion. Additionally, future studies
should address the possibility of networkingmore than two implanted
devices, enabling more complex clinical applications such as the
control of prosthetic limbs.

The clinical translation of our textile-based networking approach
presents challenges in cost, manufacturing, reliability, and user
adoption. However, our approach has several advantages that may
facilitate adoption by users, including the fully passive nature of our
textiles that simplifies manufacturing and enhances reliability. Addi-
tionally, our textiles are designed to work with existing wirelessly
enabled implants, which reduces regulatory hurdles. Furthermore, the
rapid advances in conductive textiles in the industry can be harnessed
to address challenges in cost, durability, and quality control. Ulti-
mately, the success of our networking approach will depend on its
ability to provide sufficient diagnostic or therapeutic benefits to justify
the effort required to use it. Initial efforts may target applications in

which the textiles are worn temporarily during critical periods, such as
monitoring during post-surgery recovery. As the technology matures,
the technology may be used to target applications that require long-
term use and/or have vital health functions, such as closed-loop drug
delivery. Additionally, these wireless networking approaches may find
applications beyond the domain of bioelectronic implants, enabling
communication and sensing capabilities in various domains such as
human–machine interfaces, ambient sensing, and automotive
industries.

Methods
Research compliances
The animal experiment conformed to the Guide for the Care and Use
of Laboratory Animals published by the National Institutes of Health,
USA, and protocol approved by the Institutional Animal Care and Use
Committee, National University of Singapore (R21-0377).

Metamaterial textile design
The design of the metamaterial textile consists of an SSP waveguide,
matching sections, and phased surface terminals. The SSP waveguide
wasdesignedbydetermining the geometrical parameters of the comb-
like structure to support a surface mode with propagation constant β
approximating to the surface plasmon dispersion relation

β= ω
c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ε1ε2=ðε1 + ε2Þ
p

, where ε1 is the permittivity of the dielectric and ε2
is the permittivity of themetal. The corresponding decay length in the

upper region (z > 0) is given by α�1
1 = 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

β2 � ðω=cÞ2
q

. An unpatterned

bottom layer was introduced to prevent the evanescent field from
coupling into the lower body region. The intermediate fabric layer is
characterized by thickness t and permittivity εtextile based on wear-
ability considerations. As β is insensitive to a and b, given the geo-
metrical parameters of the structure (a = 4mm, b = 6mm, p = 8mm,
t = 1.5mm) and εtextile = 1.5, a set of dispersion curves of the SSP
structure was obtained with varying h. The matching sections inter-
facing the SSP waveguide and phased surfaces follow a gradient cor-
rugated strip design. Transmission coefficients of the linearly tapered
matching section were obtained by ∣S21∣ simulations with varying N
(number of matching units), yielding the value for efficient impedance
conversion. The phased surface design comprises concentric split
rings reactively loaded with passive elements. A numerical scheme
based on a matched filter problem was used to determine the optimal
currents (amplitudes and phases) and the corresponding passive ele-
ments for focusing at a certain depth in muscle tissue (see Supple-
mentary Methods 1).

Numerical simulations
Electromagnetic simulations were carried out with CST Microwave
Studio (Dassault Systems). To generate the optimal values of the pas-
sive components, the scattering matrix was computationally obtained
using a phased surface structure over homogeneous muscle tissue
(εr = 53.8 + i13.9) with a receiver dipole (10mm) placed at a depth of
4 cm. Dispersion curves of the SSP structure were obtained using the
eigenmode solver for a unit cell defined with periodic boundary con-
ditions. Field distributions were calculated using the finite-integration
technique (FIT) using dipole excitation (at a depth of 4 cm) with and
without the metamaterial structure placed above muscle tissue, using
a computational voxel body model (Laura, CST Voxel Family) with a
resolution of 1.875 × 1.875 × 1.25mm.

Metamaterial textiles fabrication
A laser cutting machine (Universal Laser Systems, VLS 2.30) was used
to fabricate conductive metamaterial textile patterns from adhesive
Copper/Nickel polyester sheets (Conductive Non-woven Fabric 4770,
Holland Shielding Systems). These patterns were attached to a
cotton–polyester blend sweater for on-body system demonstration,
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and to polyester fabric sheets for wireless communication experi-
ments. Conductive epoxy (CW2460, Chemtronics) was used to bond
passive components Supplementary Fig. 5) to the phased surface
structure.

Implant design and fabrication
The loop recorder (AD8232, Analog Devices) was configured to oper-
ate in two-electrode mode. A 0.5–40Hz bandpass filter was imple-
mented to obtain an ECG waveform with reduced motion artifacts.
Two thin titanium electrodes (0.02mm) were connected to the analog
front-end (AFE) inputs. The VNS device was designed for constant
biphasic current output with a dual-channel difference amplifier
(AD8270, Analog Devices) fed by a boost-switching regulator
(MIC2290YML-TR, Microchip Technology) and a switching voltage
regulator (TC7660SCOA, Microchip Technology). A commercial nerve
cuff (3mm inner diameter, 15mm length, 1mm electrode width,
MicroProbes) was assembled by soldering the exposed wires to the
stimulation output of the VNS device. The loop recorder and VNS
device were fabricated using a commercial printed circuit board pro-
cess and then assembled with commercial ESP32 microcontroller
modules (TinyPICO NANO), which were used to acquire and process
the output signal from the loop recorder and wirelessly communicate
the stimulation control parameters with VNS device via Bluetooth low-
energy (BLE) protocols. Each implant node, connected to a 100mAh
lithium-ion polymer battery, was encapsulated with poly-
dimethylsiloxane (PDMS, Dow Corning) while in deep sleep mode. A
neodymium magnet (SparkFun Electronics) was used as an external
wake-up source to actuate the reed switch (CT05, COTO Technology)
embedded within both nodes before in vivo experiments.

Bench-top evaluation
Benchtop evaluations were performed by placing the metamaterial
textile on the wall of a rectangular acrylic container (width 45 cm,
height 30 cm, length 50 cm, andwall thickness 5mm) filled with water.
The transmission was measured as ∣S21∣ between two identical anten-
nas (NN01-102 Antenna Evaluation Board, Ignion) connected to a
vector network analyzer (N9915A, Keysight) using coaxial cables (SMA-
SMA, 50Ω, Amphenol). Wireless communication was performed using
two implant nodes through Bluetooth links, during which changes in
received signal strength were recorded. Controls were performed by
repeating the experiments with an unpatterned textile.

Large animal experiment
Experiments used a pig (Species: Sus scrofa domestica; Strain: York-
shire × Landrace; Sex: female; Age: 6 months; Weight: 45 kg) model
(n = 1) supplied by Singapore’s National Large Animals Research
Facility to demonstrate wireless communication between implants
withmetamaterial textiles. Sex was not considered in the study design,
because it does not affect the wireless networking demonstration. The
pig was pre-medicated with intramuscular ketamine (10mg/kg, Ceva),
midazolam (0.6mg/kg, Cheplapharm), and atropine (0.04mg/kg,
Ilium), induced with 4% isoflurane (Baxter), intubated and maintained
under anesthesia with 1−2% isoflurane throughout the experiments.
Once stable anesthesia was obtained, an incision was made in the
skeletal muscle of the thoracic region with the muscles exposed by
blunt dissection. The loop recorder (30mm length, 15mm width,
10mm thickness) was placed in the muscle region. On the right side of
the neck, another incision was made to implant the VNS node (30mm
length, 15mmwidth, 10mm thickness) with the nerve cuff attached to
the right cervical vagus nerve (Supplementary Fig. 21). The corre-
sponding skin incisions were closed using surgical suturing, and the
metamaterial textile was placed over the skin, during which the posi-
tion was adjusted accordingly. The comparison of wireless commu-
nications efficiency (∣S21∣ and RSSI measurement) between the two
implants was then performed. Next, phenylephrine (vasoconstrictor,

Sandoz) was administered via intravenous (IV) injection (0.44 μg/kg)
to raise the cardiac output. Heart rate was continuously monitored by
the loop recorder. After the second dose injection, the VNS node,
wirelessly controlled by the loop recorder, generated biphasic pulses
(20Hz and 500μs pulse width) across the cuff electrodes. The animal
was euthanized upon completion of the experiment. CT scan was
performed immediately post-mortem.

Statistics and reproducibility
No statistical method was used to predetermine the sample size. No
data were excluded from the analyses. The experiments were not
randomized. The Investigators were not blinded to allocation during
experiments and outcome assessment.

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

Data availability
All data supporting the findings of this study are available within the
article and its supplementary files. Any additional requests for
information can be directed to, and will be fulfilled by, the lead
contact. Source data are provided with this paper.

References
1. Birmingham, K. et al. Bioelectronicmedicines: a research roadmap.

Nat. Rev. Drug Discov. 13, 399–400 (2014).
2. Plachta, D. T. et al. Blood pressure control with selective vagal nerve

stimulation andminimal side effects. J. Neural Eng. 11, 036011 (2014).
3. Piech, D. K. et al. A wireless millimetre-scale implantable neural

stimulator with ultrasonically powered bidirectional communica-
tion. Nat. Biomed. Eng. 4, 207–222 (2020).

4. Chow, E. Y., Chlebowski, A. L., Chakraborty, S., Chappell, W. J. &
Irazoqui, P. P. Fully wireless implantable cardiovascular pressure
monitor integrated with a medical stent. IEEE Trans. Biomed. Eng.
57, 1487–1496 (2010).

5. Majerus, S. J., Garverick, S. L., Suster,M. A., Fletter, P. C. &Damaser,
M. S. Wireless, ultra-low-power implantable sensor for chronic
bladder pressure monitoring. ACM J. Emerg. Technol. Comput.
Syst. 8, 1–13 (2012).

6. Lucisano, J. Y., Routh, T. L., Lin, J. T. & Gough, D. A. Glucose mon-
itoring in individuals with diabetes using a long-term implanted
sensor/telemetry system and model. IEEE Trans. Biomed. Eng. 64,
1982–1993 (2016).

7. Farra, R. et al. First-in-human testing of a wirelessly controlled drug
delivery microchip. Sci. Transl. Med. 4, 122ra21–122ra21 (2012).

8. Geninatti, T. et al. Impedance characterization, degradation, and
in vitro biocompatibility for platinum electrodes on biomems.
Biomed. Microdevices 17, 1–11 (2015).

9. Lee, J. et al. Flexible, sticky, and biodegradable wireless device for
drug delivery to brain tumors. Nat. Commun. 10, 1–9 (2019).

10. Chu, B., Burnett, W., Chung, J. W. & Bao, Z. Bring on the bodynet.
Nature 549, 328–330 (2017).

11. Choi, Y. S. et al. A transient, closed-loop network of wireless, body-
integrated devices for autonomous electrotherapy. Science 376,
1006–1012 (2022).

12. Ausra, J. et al. Wireless, fully implantable cardiac stimulation and
recording with on-device computation for closed-loop pacing and
defibrillation. Sci. Adv. 8, eabq7469 (2022).

13. Tosato, M., Yoshida, K., Toft, E., Nekrasas, V. & Struijk, J. J. Closed-
loop control of the heart rate by electrical stimulation of the vagus
nerve. Med. Biol. Eng. Comput. 44, 161–169 (2006).

14. Li, X. et al. System design of a closed-loop vagus nerve stimulator
comprising a wearable eeg recorder and an implantable pulse
generator. IEEE Circuits Syst. Mag. 22, 22–40 (2022).

Article https://doi.org/10.1038/s41467-023-39850-2

Nature Communications |         (2023) 14:4335 8



15. D’Anna, E. et al. A closed-loop hand prosthesis with simultaneous
intraneural tactile and position feedback. Sci. Robot. 4,
eaau8892 (2019).

16. Iacovacci, V. et al. A fully implantable device for intraperitoneal
drug delivery refilled by ingestible capsules. Sci. Robot. 6,
eabh3328 (2021).

17. Islam, M. N. & Yuce, M. R. Review of medical implant communica-
tion system (mics) band andnetwork. ICT Express 2, 188–194 (2016).

18. Teshome, A. K., Kibret, B. & Lai, D. T. A review of implant commu-
nication technology in wban: Progress and challenges. IEEE Rev.
Biomed. Eng. 12, 88–99 (2018).

19. Niu, S. et al. A wireless body area sensor network based on
stretchable passive tags. Nat. Electron. 2, 361–368 (2019).

20. Gao, W. et al. Fully integrated wearable sensor arrays for multi-
plexed in situ perspiration analysis. Nature 529, 509–514 (2016).

21. Nelson, B. D., Karipott, S. S., Wang, Y. & Ong, K. G. Wireless tech-
nologies for implantable devices. Sensors 20, 4604 (2020).

22. Shi, C. et al. Galvanic-coupled trans-dural data transfer for high-
bandwidth intracortical neural sensing. IEEE Trans. Microw. Theory
Tech. 70, 4579–4589 (2022).

23. De Santis, V. & Feliziani, M. Intra-body channel characterization of
medical implant devices. In 10th International Symposium on Elec-
tromagnetic Compatibility (EMC Europe) 816–819 (IEEE, 2011).

24. Chávez-Santiago, R. et al. Experimental path loss models for in-
body communications within 2.36–2.5GHz. IEEE J. Biomed. Health
Inform. 19, 930–937 (2015).

25. Demir, A. F. et al. Anatomical region-specific in vivo wireless com-
munication channel characterization. IEEE J. Biomed. Health Inform.
21, 1254–1262 (2016).

26. Bose, P., Khaleghi, A., Albatat, M., Bergsland, J. & Balasingham, I. Rf
channel modeling for implant-to-implant communication and
implant to subcutaneous implant communication for future lead-
less cardiac pacemakers. IEEE Trans. Biomed. Eng. 65,
2798–2807 (2018).

27. Li, Z., Tian, X., Qiu, C.-W. & Ho, J. S. Metasurfaces for bioelectronics
and healthcare. Nat. Electron. 4, 382–391 (2021).

28. Lincoln, R. L., Scarpa, F., Ting, V. P. & Trask, R. S. Multifunctional
composites: a metamaterial perspective. Multifunct. Mater. 2,
043001 (2019).

29. Nikolayev, D., Zhadobov, M., Karban, P. & Sauleau, R. Electro-
magnetic radiation efficiency of body-implanteddevices.Phys. Rev.
Appl. 9, 024033 (2018).

30. Genovesi, S., Butterworth, I. R., Serrallés, J. E. C. & Daniel, L.
Metasurface matching layers for enhanced electric field penetra-
tion into the human body. IEEE Access 8, 197745–197756 (2020).

31. Yang, X. et al. Localized surface plasmons on textiles for non-
contact vital sign sensing. IEEE Trans. Antennas Propag. 70,
8507–8517 (2022).

32. Pacheco-Peña, V., Beruete, M., Rodríguez-Ulibarri, P. & Engheta, N.
On the performance of an enz-based sensor using transmission
line theory and effective medium approach. N. J. Phys. 21, 043056
(2019).

33. Akbari, M., Shahbazzadeh, M. J., La Spada, L. & Khajehzadeh, A. The
graphene field effect transistor modeling based on an optimized
ambipolar virtual source model for DNA detection. Appl. Sci. 11,
8114 (2021).

34. Agrawal, D. R. et al. Conformal phased surfaces forwireless powering
of bioelectronic microdevices. Nat. Biomed. Eng. 1, 0043 (2017).

35. Li, L., Liu, H., Zhang, H. & Xue, W. Efficient wireless power transfer
system integrating with metasurface for biological applications.
IEEE Trans. Ind. Electron. 65, 3230–3239 (2018).

36. Ratni, B. et al. Dynamically controlling spatial energy distribution
with a holographic metamirror for adaptive focusing. Phys. Rev.
Appl. 13, 034006 (2020).

37. Cui, T. J., Qi, M. Q., Wan, X., Zhao, J. & Cheng, Q. Coding meta-
materials, digital metamaterials and programmable metamaterials.
Light: Sci. Appl. 3, e218–e218 (2014).

38. Mohammadi Estakhri, N., Edwards, B. & Engheta, N. Inverse-
designed metastructures that solve equations. Science 363,
1333–1338 (2019).

39. Pendry, J., Martin-Moreno, L. & Garcia-Vidal, F. Mimicking surface
plasmons with structured surfaces. Science 305, 847–848 (2004).

40. Tian, X. et al.Wireless body sensor networks based onmetamaterial
textiles. Nat. Electron. 2, 243–251 (2019).

41. Garcia-Vidal, F. J. et al. Spoof surface plasmonphotonics.Rev.Mod.
Phys. 94, 025004 (2022).

42. Libanori, A., Chen, G., Zhao, X., Zhou, Y. &Chen, J. Smart textiles for
personalized healthcare. Nat. Electron. 5, 142–156 (2022).

43. Tian, X., Zeng, Q., Nikolayev, D. & Ho, J. S. Conformal propagation
and near-omnidirectional radiation with surface plasmonic cloth-
ing. IEEE Trans. Antennas Propag. 68, 7309–7319 (2020).

44. Bruns, T.M.,Wagenaar, J. B., Bauman,M. J., Gaunt, R. A. &Weber, D.
J. Real-time control of hind limb functional electrical stimulation
using feedback from dorsal root ganglia recordings. J. Neural Eng.
10, 026020 (2013).

45. Holinski, B., Everaert, D.,Mushahwar, V. &Stein, R. Real-timecontrol
of walking using recordings from dorsal root ganglia. J. Neural Eng.
10, 056008 (2013).

46. Ho, J. S. et al. Planar immersion lenswithmetasurfaces. Phys. Rev. B
91, 125145 (2015).

Acknowledgements
J.S.H. acknowledges support from the National Research Foundation
Singapore (NRF2021-NRF-ANR004) and the Advanced Research and
Technology Innovation Centre (HFM-RP6). B.C.K.T. acknowledges sup-
port of RIE2020 Advanced Manufacturing and Engineering Program-
matic Grant A18A1b0045 and Q.Z. acknowledges support from the
National University of Singapore Research Scholarship.

Author contributions
X.T., Q.Z., and J.S.H. conceived and planned the research. X.T. and Q.Z.
designed the metamaterial textiles, conducted the theoretical studies
and simulations, and characterized thewireless networking system. X.T.,
Q.Z., S.A.K., R.R.L., C.J.C., and J.S.H. performed the in vivo experiments.
D.T.N., Z.X., Z.L., X.Y., and X.X. supported system characterization. C.W.,
B.C.K.T., D.N., and C.J.C. contributed to the study design. X.T., Q.Z., and
J.S.H. wrote the paper with input from all the authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-39850-2.

Correspondence and requests for materials should be addressed to
Xi Tian or John S. Ho.

Peer review information Nature Communications thanks the anon-
ymous, reviewer(s) for their contribution to the peer review of this work.
A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Article https://doi.org/10.1038/s41467-023-39850-2

Nature Communications |         (2023) 14:4335 9

https://doi.org/10.1038/s41467-023-39850-2
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-39850-2

Nature Communications |         (2023) 14:4335 10

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Implant-to-implant wireless networking with metamaterial textiles
	Results
	System overview
	System design
	System characterization
	Wireless networking and closed-loop control of implants

	Discussion
	Methods
	Research compliances
	Metamaterial textile design
	Numerical simulations
	Metamaterial textiles fabrication
	Implant design and fabrication
	Bench-top evaluation
	Large animal experiment
	Statistics and reproducibility
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




