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Networks of bioelectronic sensors and actuators enable
closed-loop therapies that connect distant, related physiological
dynamics. Currently, device interactions are limited by
communication methods that inefficiently penetrate tissue and
require bulky components. Inspired by the ionic signaling of

the nervous system, we engineered a communication platform
that uses tissue as a conductive medium to transmit signals
among implants and wearables through epidermal, sub-
cutaneous, intraperitoneal, and gastrointestinal spaces. Devices
generate transient electric fields that selectively activate other
devices when receiving pulses that switch on their specific
transistor circuits. Implants are syringe-injectable, require
negligible power consumption in listening states, and provide
>10x greater tissue communication coverage than Bluetooth. In
vivo in rats, we demonstrate coordinated, full-body networks of
sensors and neural interfaces that enable wireless dual-limb
motor control.

Smart bioelectronic therapeutics such as insulin pumps, pacemakers,
neurostimulators, electronic pills, drug delivery implants, and pros-
thetics improve patient outcomes by linking sensors and actuators
through closed-loop feedback control (7-1I). Systems can achieve greater
functionality by distributing additional coordinated, miniaturized nodes
throughout the body to synchronously monitor and treat multiple
interconnected physiological sites. However, current wireless com-
munication approaches require bulky components that limit device
use cases and patient acceptance, suffer from poor intratissue perfor-
mance, and limit the number of coordinated independent nodes (12).

Interdevice communication commonly relies on energy-intensive
radio frequency (RF)-based wireless methods. Commercial Bluetooth
Low Energy (BLE) components require a minimum device width of 5 mm
and reduce battery lifetimes by up to 90% (table S1). Large batteries and
electronic components necessitate either a wearable framework or
invasive surgical implantation, whereas devices reduced to <3 mm in
diameter can be inserted at an outpatient clinic (13). Near-field commu-
nication (NFC) and inductive coupling necessitate precisely positioned
epidermal or external transmitters. These limit patient adherence,
require centimeter-scale alignment with targeted devices, and are lim-
ited by the specific absorption rate. External transmitters are also
required for devices that implement more experimental, space-efficient
communication methods such as magnetoelectronics (14), optoelec-
tronics (75), and ultrasound (I6). As a result, these systems are poorly
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suited for deep targets, misalignment-tolerant operation, or multi-
site control.

Here, we introduce SWANS, the Smart Wireless Autonomous Net-
working System. SWANS harnesses the conductive nature of body tis-
sue to transmit communication signals ionically through 30+ cm of
tissue, improving tissue communication coverage by >10x compared
to RF methods. SWANS circuits can be made entirely of micrometer-
scale passive electronic components. This allows devices to achieve
microwatt-level power consumptions when in a listening state, en-
abling year-long device lifetimes. It also allows for millimeter-scale
device dimensions, enabling entire systems to be injected through
a syringe.

To communicate, SWANS devices emit low-frequency characteristic
voltage pulses into tissue that generate transient electric fields across
the body. The gradients are received by other devices in contact with
the tissue, causing passive transistor switches to briefly turn on when
their gate threshold voltage is met. Each device possesses a specific
transistor circuit that only responds to its corresponding voltage and
pulse length, enabling multiplexing. Through ionic signaling, SWANS
enables cross-body bidirectional communication between wearables
and implants as well as inter-implant communication.

In-body ionic communication has already been clinically imple-
mented in FDA (US Food and Drug Administration)-cleared devices.
One example is Abilify MyCite, which uses ionic conduction to transmit
adherence data from an oral tablet to a wearable patch (17, 18). Prior
preclinical studies have used ionic conduction to transmit data across tis-
sue, but these systems typically link two devices and rely on megahertz-
to-gigahertz signaling with comparatively large and power-intensive
electronics (table S2).

To demonstrate the advantages of SWANS multiplexed cross-body
network, we characterize our system through several tissue types in
ex vivo swine, chicken, and rodent models. Moreover, in vivo in ro-
dents, we engineer a SWANS-enabled network of wearable front-paw
sensors and implantable hindlimb neural interfaces to modulate dual
hind leg motor control.

In-body ionic communication for triggering
bioelectronic therapeutics
SWANS reduces the size of implanted communication components
(Fig. 1, C to E) and improves the battery life of implantable devices by
using low-power transistor switches to regulate the device’s DC output
(table S1). SWANS maintains near-zero standby current until the transistor
enters its active region, where power draw approaches that of conven-
tional wireless protocols. By minimizing standby consumption, SWANS
extends device lifetime by >15x% relative to BLE and NFC (Fig. 1, F
and G; fig. S1; and supplementary text). Although BLE device lifetimes
can be improved by decreasing the passive current draw used for advertise-
ment procedures (19), this approach effectively limits the feasibility of
integrating devices into rapid-acting closed-loop systems. By contrast,
the SWANS communication structure allows for compact devices with
round-the-clock connectivity and effectively no passive current draw.
Each SWANS implant possesses two tissue-interfacing receiving pads
connected to the gate pins of a transistor that detect emitted voltage
gradient signals in the tissue and facilitate switching. By using different
transistor types and passive circuit components, each SWANS implant
responds only to characteristic pulse magnitudes, widths, and frequen-
cies emitted by the wearable hub, enabling individual implant control.
Here, we demonstrate nine such circuits (fig. S2 and supplementary
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Fig. 1. In-body communication enables low-power networks of wearable and implantable therapeutics. (A) An overview of the Smart Wireless Autonomous Networking
System (SWANS). (B) Example of SWANS use case, where wearable sensors detect front limb motion to independently control hind leg motor control. (C and D) SWANS implant
(size: 3mm by 1.1 mm by 17 mm). (E) Syringe implantation of SWANS receiver in rat subcutaneous space. (F and G) Theoretical (bars) and experimental (points, mean + SD,

n = 3 devices) power characteristics of implanted neuromodulation bioelectronics controlled via SWANS in-body ionic communication (IBC), near-field communication

(NFC), and Bluetooth Low Energy (BLE). Battery lifetimes were calculated using platform-appropriate batteries (IBC: 26 mAh, 1.55V; BLE: 20 mAh, 3.0 V; NFC: 20 mAh, 3.3 V).

(H) Voltage measured across a transistor’s gate when applying increasing amplitude pulses across exvivo chicken breast tissue. Shaded regions denote threshold voltages

(black line represents the average; gray lines represent individual tests; n = 9 trials). (I) Adding a resistor between the receiving pad and NPN transistor base (NPN-R) exvivo in
chicken breast increases the required applied voltage for switching (black line represents the average; gray lines represent individual tests; n = 10 trials). (J) Adding a capacitor
between the base and emitter of an NPN transistor (NPN-C) exvivo in chicken breast increases the required applied pulse length for switching (mean + SD; n = 6 to 11 trials).

(K) Low-voltage long pulses only trigger NPN-C switches exvivo in chicken breast, whereas high-voltage short pulses only trigger NPN-R switches (R = 2.2 kQ; C =1 pF;

individual points, mean + SD, n = 8 trials). (L) Heat map of generated voltage potentials upon application of pulses (10 V, 1 Hz, 200 ps) using hypodermic needles (gray circles)
in ex vivo skin-on, bone-in, pork belly (n = 3 trials). (M) Voltage measured across each transistor’s gate at different depths in exvivo pork belly (lines represent mean + SD,n =

9 trials). Scale bars: (B, C, D), 1.cm; (E), 5 mm.
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text). For example, an NPN bipolar junction transistor switches on
when the potential difference between the base and emitter ap-
proaches 0.7 V, whereas circuits with lower switching thresholds re-
quire smaller applied voltage gradients. Distinct switching criteria
therefore allow either selective activation of individual implants or,
when a single pulse exceeds multiple switching thresholds, simultane-
ous activation of multiple devices.

‘We engineered the SWANS system to selectively communicate with
multiple implanted devices placed anywhere within the body’s conduc-
tive tissue by optimizing the voltage magnitude applied to the tissue
as well as the separation distance and surface area of the receiving
pads. In ex vivo studies on chicken breast tissue, the potential differ-
ence between receiving pads scaled linearly with the voltage applied
by the signal injection probes. This allowed for regulation of multiple
transistor types (Fig. 1H). Increasing the resistance between an NPN
base and receiving pad increased the pulse voltage magnitudes nec-
essary for switching by up to 30% (n = 10, Fig. 1I). Adding a capacitor
between the NPN base and emitter increased the required pulse
lengths necessary for switching by more than 100% (Fig. 1J). Com-
bining these two findings, we demonstrated that long pulses with
low-voltage magnitudes (3.3 V, 2 ms) triggered switches that possess
a 1-uF capacitor, whereas short pulses with high-voltage magnitudes
(4 'V, 0.05 ms) triggered switches with a 2.2-kQ resistor. The pulses
that turned on one switch did not turn on the other switch, demon-
strating the capacity to selectively trigger implants (Fig. 1K).

To modulate switching times in SWANS devices, we designed
SWANS implants containing organic electrochemical transistors.
These implants actuated at extended timescales compared to NPN
transistors after receiving inputs of sufficient pulse lengths and fre-
quencies (fig. S3).

To further increase the number of independently actuatable SWANS
devices, we implemented TS883IST comparators that define discrete
voltage windows for switching (0.10 to 0.20 V, 0.27 to 0.38 V, 0.50 to
0.61V) (fig. S4). Comparator-based windows, compared to transistor-
based thresholds, improved multiplexing but modestly increased de-
vice size and energy drain.

Body tissue possesses a high conductivity, spreading SWANS voltage
gradients throughout the entire volume in all directions. In heteroge-
neous, skin-on, bone-in ex vivo pork belly, a 10-V, 1-Hz, 200-ps pulse
generates a voltage gradient across 30+ cm of tissue (Fig. 1L) and up
to 14 cm deep (Fig. IM). Similar experiments in ex vivo chicken breast
confirm these findings (fig. S5). Implant communication components
as small as 7 mm by 1 mm enabled transistor switching in these tissue
models, demonstrating that SWANS can reach sizes much smaller than
BLE and NFC systems. The orientation and location of the receiving
pads relative to the wearable signal injection probes moderately affect
the magnitude of the received voltage gradient. Still, a >0.1-V gradient
was detectable at nonaligned positions >30 cm from the transmission
probes. Consequently, the working area of SWANS links is more than
10X the size of that permitted by other wireless methods such as induc-
tive coupling, BLE, and NFC, owing to RF attenuation (figs. S6 and S7).

COMSOL simulations (fig. S8) and equivalent circuit models (fig. S9)
provide additional context regarding the effects of pad orientation and
spacing on electric field generation in both rat- and human-sized tissue
models. We also demonstrated that day-to-day static electricity events,
such as discharge from a balloon, had no effect on SWANS actuations
(fig. S10).

A platform for low-power, wireless communication between
wearables and implantables

The SWANS architecture has three components: (i) wearable hubs that
coordinate wearable sensor readouts and therapeutic actuation via
in-body ionic communication; (ii) microneedle patches that interface
between the wearables and the body; and (iii) syringe-implantable
circuits that receive and transmit signals and perform therapeutic
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actions (Fig. 2, A and B, and fig. S11). To enable sensor-guided signaling
in vivo, we engineered a wearable flexible printed circuit board (fPCB)
containing interchangeable physical or chemical sensors, a control unit,
and a configurable voltage output capable of delivering up to 12 V (Fig. 2C).
These signals are introduced into the tissue via stainless-steel micro-
needles, bypassing the highly resistive stratum corneum and directly
generating a voltage gradient beneath the skin (Fig. 2D). The resulting
voltage gradient is then detected by a syringe-implantable fPCB con-
taining two receiving pads, an interchangeable transistor switch, a
power source, and an actuator such as a neurostimulator (Fig. 2E). To-
gether, these components form a low-power, end-to-end communication
platform, wirelessly linking wearable sensors and in-body therapeutics.

The SWANS wearable hub receives inputs from multiple sensors,
processes these data, and transmits 0- to 12-V ionic communication
pulses through tissue to control implantable bioelectronics. In a proof-
of-concept demonstration, two laser-induced graphene (LIG)-based
resistive strain sensors placed on the forelimbs of rats detect motion
intent (fig. S12). When either signal exceeds a threshold, the hub deliv-
ers a limb-specific signal into the body. This signal selectively activates
one of two distally implanted transistor-controlled devices positioned
on the hindlimbs, triggering sciatic nerve stimulation in the corre-
sponding leg. This architecture enables selective sensor-guided control
over multiple implanted bioelectronic devices.

The length of the implantable fPCB was determined by the receiving
pad separation distance required for transistor activation. The width
was determined by the battery footprint needed to power the therapy.
Ex vivo characterization at 4-cm tissue depths showed that 7-mm-long
fPCBs enabled at least one independent node, whereas 17-mm-
long fPCBs allowed for three independent nodes. In its minimum
communication-only configuration, SWANS measures just 1 mm in diam-
eter, the required width of the receiving pad. It is a factor of 5 smaller
than the BLE-enabled nRF52832 (20). It is one to two orders of mag-
nitude smaller than many NFC tags, whose operating distance scales
with coil dimensions (21). After integration of an EIA1812 battery, the
implant measures 3 mm by 1.1 mm by 17 mm and remains compatible
with deployment through a 6-gauge needle. Larger battery variants
support modular control of additional implantable actuators including
pumps and micro-light sources (fig. S13).

In addition to wearable-to-implant links, SWANS enables inter-
implant and implant-to-wearable communication. Because our im-
plants respond to specific voltage pulses, we were able to demonstrate
an implant actuation cascade. The wearable triggers the first implant
at a low voltage. This implant then emits a higher-voltage pulse, which
triggers a second implant to actuate (fig. S14A). We can also add sen-
sors to our cascade, enabling wearable and implantable feedback from
disparate body locations. For example, we engineered a thermistor-
equipped sensing implant to receive signals from a wearable, detect
a high-grade fever (>40°C), and subsequently send an actuating signal
to a second implant. Because the thermistor decreases its resistance
at higher temperatures, the implant only switches on to send this relay
signal at high temperature (fig. S14B). The same cross-tissue implant
signaling approach enables implant-to-wearable communication, pro-
viding feedback that confirms implant actuation (fig. S15). Together,
this architecture enables full-body networking between wearable
and implantable sensors and actuators.

Owing to the highly resistive nature of the stratum corneum, we
implemented stainless-steel microneedles to enable direct electric field
generation in the subdermal space, thereby increasing the voltage
gradient within tissue. Although noninvasive methods such as surface
electrodes with conductive gels can reduce skin-electrode interfacial im-
pedance, they require frequent replacement to maintain communica-
tion fidelity. Comparatively, microneedles at least 250 pm in height
reduce tissue-electrode interfacial impedance by four times and
increase generated subdermal voltage gradients for at least 1 week
without replacement (Fig. 2, F and G, and fig. S16).
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tissue damage. Rat skin samples were collected after
repeated microneedle insertion and electrostimulation
at the same site for >100 pulses over 10 days, with mi-
croneedle replacement at each application (Fig. 3E).
We also assessed 10-day chronic 250-pm microneedle
implantation without electrical stimulation (fig. S16).
Consistent with prior studies of electrical stimulation
safety in humans and animal models, the SWANS
current, pulse duration, voltage gradient, charge per
phase, and charge density of 19 pC/cm2 fall within
ranges that do not induce skin, neural, or muscle dam-
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with Gel with Gel

Fig. 2. In-body communication architecture. (A) A custom fPCB continuously monitors a strain sensor and
automatically emits a variable (O to 12V) square wave pulse to trigger the implantable network. Bioelectron-
ics can be switched individually or synergistically. (B) Block diagram for closed-loop control and monitoring
of animplantable actuator via in-body ionic communication. Components include analog-to-digital converter
(ADC), microcontroller unit (MCU), transmitter (TX), and receiver (RX). (C) Photo of a wearable fPCB.

(D) Photo of stainless-steel microneedles that enable the wearable hub’s signals to bypass the stratum
corneum (inset scale bar, 1 mm). (E) Photo of implantable fPCB with voltage-receiving pads and a nerve cuff.
(F) Representative (4 V, 1 Hz, 1 ms) square wave pulses invivo in rats using skin-interfaced microneedle
electrodes with varying needle heights. (G) Peak injection current across various skin-interfaced electrodes

invivo in rats (n = 18 trials across three rats, SD plotted). Scale bars, 1 cm.

In vivo SWANS communication fidelity and biocompatibility

In vivo ionic communication in rats mirrored ex vivo trends (Fig. 3,
A to C). Implant receiving voltages scaled linearly with applied signal
and decreased as the wearable moved further away. Delivery of 7.5-V
pulses from the wearable generated 0.87 + 0.16 V at subcutaneous
implants, sufficient to activate an NPN transistor in 26 out of 27 trials
(Fig. 3A). PNP, comparator, and metal oxide semiconductor field-effect
transistor (MOSFET) devices actuated at lower applied voltages. In
the intraperitoneal space, MOSFET implants activated in nine out of

Science 24 SEPTEMBER 2026

with Gel SWANS in vivo in rats to determine long-term safety

(figs. S18 to S20) and signal fidelity during changing
tissue conditions. Owing to the foreign body response,
implant receiver pad impedance increased over time. De-
spite fibrotic encapsulation up to 1 mm thick around
the implant, communication was maintained over the
full period by increasing the applied voltage within
safe limits until actuation (fig. S18). Rats maintained
normal weight and showed no signs of distress over the
period (fig. S18). After 2 months, skin, muscle, nerve,
heart, and liver tissues showed no visual differences
from untreated controls when stained for apoptosis
(cleaved caspase-3), proliferation (ki67), or oxidative
stress (4-hydroxynonenal), aside from localized physical trauma associ-
ated with the microneedles (figs. S19 and S20). SWANS stimulation
parameters (<10 V, <2 ms, 1 Hz) also did not alter natural electrical
activity in the heart or peripheral nerves (figs. S21 and S22).

In vivo closed-loop neurostimulation

To demonstrate targeted therapeutic signaling across the body, we
deployed multiple independent nodes that coordinated to enable bi-
lateral triggerable neurostimulation in rats. Forelimb LIG sensors
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were placed 4 cm apart above the skin. In (C), receiving pads were placed 1 cm apart inside the stomach intragastrically (IG). Shaded regions denote transistor gate and
threshold voltages [black line represents the average, gray lines represent individual tests; (A) n = 27 trials across three rats, (B) n = 9 trials across three rats, (C) n = 10
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detected motion intent and prompted the wearable hub to transmit
limb-specific voltage gradients that independently activated implanted
stimulators on the corresponding hindlimbs (Fig. 4A). We confirmed
that both NPN and PNP transistor switches on separate implants could
be sequentially triggered to deliver sciatic nerve stimulation via our
sensor-driven wearable hub (n = 30 trials over three rats; Fig. 4, B to
D and F). In this setup, both NPN and PNP switches triggered leg
motion at the higher-voltage pulses, whereas only the PNP turned on
at the lower pulses. Implant activation triggered current flow through
a sciatic nerve interfacing cuff, generating hind leg motion. As con-
trols, we recorded that wearable pulses alone without implants or
implants alone without wearable pulses had no impact on hind leg
motion (n = 30 trials over three rats).

We also created two implants that triggered independently of each
other. In the first, we added a resistor between the harvesting pad and the
base of an NPN implant. In the second, we added a capacitor between
the base and emitter of an NPN implant (Fig. 4, E and G; n = 30 trials
over three rats). Owing to tissue impedance variability between rats,
these implants and pulses required individualized settings to ensure

Science 24 SEPTEMBER 2026

independent actuation. Only the capacitor (47 to 68 pF) implant
stimulated leg motion during long pulses with medium voltages (1 to
2 ms, 3.2 to 8.1 V), and only the resistor implant (422 to 825 Q)
stimulated leg motion during a shorter pulse with higher voltages
(0.15t0 0.25 ms, 4.1to 10 V). By forming a bio-integrated network
of dispersed wearable and implantable sensors and actuators, the
SWANS communication protocol provides a platform technology to
enable full-body coordinated control over bioelectronic therapeu-
tic networks.

Discussion

SWANS establishes a framework in which dispersed wearable and
implantable therapeutic devices communicate throughout the body
via ionic tissue conduction. SWANS uses off-the-shelf components and
can be implemented into any bioelectronic device. Compared with
other wireless approaches, SWANS requires less power, operates over a
larger working area, works without external antennae, reduces device
alignment constraints, and is small enough to enable minimally inva-
sive syringe-implantable bioelectronics. SWANS enables multiplexing
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Fig. 4. Bio-integrated electronic networks for neurostimulation. (A) Schematic and image of rat outfitted with SWANS neurostimulator system with representative image of
leg twitch from resting (translucent) to flexed (opaque). (B) Upon stimulus detection on either forelimb, the wearable board outputs different pulse magnitudes and widths,

which trigger different implants to actuate. (C) Current outputs from NPN implants using high-voltage short pulses, (D) PNP implants using low-voltage short pulses, and

NN r—r—

(E) NPN + capacitor (NPN-C) implants using longer medium-voltage pulses. Points above dashed lines represent presence of leg flexion. (F) Triggering the NPN and PNP implant
combination led to sequential triggering of PNP only followed by NPN + PNP with increasing voltage when placed in the same animal. (G) NPN + resistor (NPN-R) implants only
triggered with high-voltage short pulses and NPN-C implants only triggered with medium-voltage long pulses when placed in the same animal. Pulse lengths and magnitudes
varied across animals owing to variance in skin thickness and tissue impedance, as described in materials and methods (n = 30 trials over three rats with different rats tested in
each panel, mean + SD plotted; ***#*P < 0.0001 in unpaired t test with Welch's correction).

and logic-gated actuation by incorporating voltage-receiving circuits
that respond to specific voltages and pulse lengths by adding resistors,
comparators, and capacitors across a device’s receiving pads. These
components can also be replaced with sensors, allowing nodes to re-

spond differently at various physiological conditions.

Science 24 SEPTEMBER 2026

Our 2-month safety studies indicate that SWANS pulses do not in-
duce detectable tissue injury under tested conditions. Further inves-
tigation is needed to define how repeated low-voltage ionic signaling
and microneedle placement influence cellular behavior, tissue remod-
eling, and electrophysiological responses over longer timescales and
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across disease states. Additionally, future experimentation is necessary
to define communication performance in large animals and humans,
as well as through heterogeneous tissue layers.

SWANS is particularly suited to applications requiring infrequent
triggering and low data transfer. Implants maintain near-zero
standby power, trading bandwidth for miniaturization and longevity,
making SWANS a complementary choice to existing communication
architectures.
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Editor’'s summary

Wearable and implantable bioelectronic devices are now used to routinely assess a person’s health and, for some
conditions, provide interventions as needed. An ongoing challenge is the power and device size required for wireless
communication between devices. Ghanim et al. designed an electronic circuit that emulates the functionality of a
nervous system. The researchers were able to remotely trigger electrical stimulation devices through pulsed signals
transmitted through body tissue using less power than protocols such as Bluetooth. Implants could be injected using a
syringe, and multiple devices could be controlled by using different signal patterns. —Marc S. Lavine
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