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Wireless bioresorbable electrical stimulators have broad potential as ther-
apeutic implants. Such devices operate for a clinically relevant duration and
then harmlessly dissolve, eliminating the need for surgical removal. A repre-
sentative application is in treating peripheral nerve injuries through targeted
stimulation at either proximal or distal sites,withoperation for up tooneweek.
This report introduces enhanced devices with additional capabilities: (1)
simultaneous stimulation of both proximal and distal sites, and (2) robust
operation for as long as several months, all achieved with materials that
naturally resorb by hydrolysis in surrounding biofluids. Systematic investiga-
tions of thematerials and design aspects highlight the key features that enable
dual stimulation and with enhanced stability. Animal model studies illustrate
beneficial effects in promoting peripheral nerve regeneration, as quantified by
increased total muscle and muscle fiber cross-sectional area and compound
muscle action potentials. These findings expand the clinical applications of
bioresorbable stimulators, particularly for long-term nerve regeneration and
continuous neuromodulation-based monitoring.

Peripheral nerve injuries (PNIs) can regenerate spontaneously, but the
process is often slow and incomplete, leaving most patients with
permanent impairments. While surgical repair and rehabilitation can
promote some recovery, they are not always sufficient to achieve
effective nerve regeneration. Therapeutic electrical stimulation (TES)
has emerged as a promising method to enhance nerve regeneration
and functional recovery, typically by applying stimulation to locations
near the injury site1. All published clinical trials on TES have used the
Grass SD9 stimulator and percutaneous wire electrodes placed just
proximal to the site of nerve repair2–5. Although this device is widely
available for research, its cumbersome design, reliance on percuta-
neous wires, lack of built-in stimulus isolation for safety, and absence

of precise software controls limit its clinical utility. Moreover, reg-
ulatory hurdles further restrict its widespread adoption in real-world
settings, where safety, precision, and patient compliance are of para-
mount importance.

Recent advances in TES technology enable significant improve-
ments in both efficacy and patient safety, with the latest examples that
include wireless, programmable stimulators that enhance muscle
reinnervationwhen used in protocols that involve daily 1-hour sessions
of 20Hz TES applied for consecutive days following nerve repair6. A
key advantage of this implant is in the elimination of percutaneous
wires, which reduces infection risks and the potential for mechanical
displacement, and in its bioresorbable construction, which eliminates
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device load without a surgical extraction. Guo, H. et al. further refined
this technology by matching the kinetics of bioresorption to clinical
needs, offering short-term functionality for perioperative TES appli-
cations lasting about 1 hour, with the device degrading shortly
afterward7.

While theseTES devices have value for uses that require operation
for less than 1 month6,8, implants with comparatively long lifespans
represent an unmet need. The bioresorbable nerve stimulators intro-
duced here incorporate various structural andmaterial enhancements
to enable operation for up to several months, allowing for tailored TES
protocols that adjust to the complexity and stageof nerve recovery. An
additional unique feature is the ability to deliver stimulation at multi-
ple nerve sites, either independently or in tandem,which is particularly
beneficial in more complex injuries where multiple nerve branches
may require repair. This flexibility allows for precise targeting of spe-
cific TES, tailored to the clinical scenario and with the potential to lead
to more robust outcomes.

The following describes these critical features in detail. Animal
model studies with the resulting optimized devices demonstrate that
dual stimulation effectively promotes target muscle reinnervation,
particularly by increasing muscle cross-sectional area and enhancing
the reinnervation of muscle fibers. The outcomes reported here have
utility not only in this context, but also in other clinical applications
that require long-term treatments with bioresorbable devices.

Results
Materials and design layouts
Figure 1a illustrates the envisioned use of electrical stimulation for
patients suffering from foot drop syndrome, a condition that can
result from an injury to a peripheral nerve (e.g., fibular neuropathy). In
this example, a bioresorbable dual stimulator interfaces with the
sciatic nerve at locations adjacent to the site of the injury to accelerate
recovery (Fig. 1b). Wireless operation involves magnetic inductive
coupling between an external coil supplied with radio frequency
power and amatched coil that is part of the implanted device.Multiple
cycles of stimulation can occur at various times during the recovery
process, in hospital or home settings. After this form of treatment, the
device naturally resorbs in the body through hydrolysis and natural
metabolic reactions, thereby eliminating the need for surgical extrac-
tion and allowing patients to return to their daily lives without an
additional visit to the hospital.

The exploded-view schematic illustration in Fig. 1c highlights the
structure of the device. Supplementary Figs. 1, 2 and the Methods
section provide details on the materials, processing approaches and
designs. The device functionally divides into (i) a receiver (Rx) coil and
rectifier circuit, (ii) an extension electrode, and (iii) cuff electrodes. A
unique feature, relative to previously published devices, is in the
capability to stimulate sites that are both proximal and distal to the
location of the injury, simultaneously through energy harvested by a
single Rx coil. The magnified view shows conformal contact between
these two cuff electrodes at corresponding nerve locations, as
described subsequently. The interlocking folded via structure of the Rx
coil (red dotted box, Fig. 2a.(i)) and the connection structure for the
rectifying diode (light blue dotted box, Fig. 2a.(ii–v)) adopt optimized
designs for stable operating lifetimes that significantly exceed those
reported previously, as described in detail in the next section.

Figure 1d presents a photographs of the device integrated
with a phantom nerve. The LEDs connect to the cuff electrodes to
provide visual confirmation of the operation (top of Fig. 1d and
Supplementary Fig. 3). The device can function reliably in a bent
state, as illustrated on a finger (bottom of Fig. 1d). Computerized
X-ray tomography images collected 2 weeks after implantation in
a rat show that the device remains interfaced with the relevant
anatomical structures, with no signs of damage to the device or
the adjacent tissues, as in Fig. 1e.

The device slowly bioresorbs when exposed to biofluids, as illu-
strated in accelerated tests conducted by immersion in phosphate-
buffered saline (PBS; pH 7.4) solution at 95 °C (Fig. 1f). The device
mostly dissolves within 50 days, and the residual material completely
disappears after 80 days. Previous studies show that the rates of bio-
degradation are ~4.8 × 10−5 g/day, 1.3μm/day, 0.02μm/day, and
4.5 nm/day for the main constituent materials, specifically the bior-
esorbable dynamic covalent polyurethane (PU)8, polyanhydride (PA)9,
molybdenum (Mo)10, andmonocrystalline silicon (Si) nanomembranes
(NMs) respectively11, under physiological conditions (1 × PBS solution
at pH 7.4 at 37 °C). Supplementary Fig. 1 shows details of the materials
and their thicknesses. Based on expected time-temperature scaling, at
physiological temperatures, complete dissolution occurs in ~7months
for PA, 2 years for theMoelectrode, and2.9 years for the SiNM. For PU,
considering its weight (25-mm-diameter PU 75 disks, 100μm thick,
weighing ~0.018 g, the time for complete degradation is 1–1.5 years.
Resorption of the cuff electrode occursfirst, followedby the extension
electrode and the Rx coil structure, and finally, the Si diode within the
Rx coil structure. In vivo, complete dissolution typically occurs more
rapidly due to macrophage activity, enzymatic processes, and other
biological mechanisms. These effects lead to degradation of PU within
1 year12. Based on these considerations and previous studies, dissolu-
tion of the Mo electrodes will occur in ~2 years13. The Si NMs will
dissolvewithin 0.5–1.5 years14. Dependingon thebiofluid environment,
the PA will dissolve within 7 to 10 months (Supplementary Table 1)15,16.

Features for long-term stable operation
Key engineering advances (Fig. 2a) reported here include optimized
via structures (Fig. 2a.(i) and Supplementary Fig. 4), improved diode
connection designs (Fig. 2a.(ii)-(v)), and a monolithic Mo sheet that
integrates the Rx coils, extension electrodes, and cuff structures
(Fig. 2a.(vi)). The results allow stable operational lifetimes that exceed
those reported previously by approximately five times, when eval-
uated in vivo (Fig. 2e).

The first improvement involves the mechanical connection of the
top and bottom Rx coils through an interlocking folded via structure
(Supplementary Fig. 5a, c). This designmaintains a stable quality factor
(Q factor, as defined byQ= f r=Δf , where fr is the resonance frequency,
and Δf is the full width at half-maximum (FWHM) ofAQ8 the
resonance)17,18 and resonant frequency for 40 days, while the previous
bonded design without mechanical connection shows a significant
decrease inQ factor by day 2 and an increase in resonant frequency by
approximately two times by day 40 (Fig. 2b and Supplementary
Fig. 5e–g). The decrease in Q factor has a dominant effect on the
output voltage (Vout). Consequently, the output of the device with the
bonded design rapidly decreases after 5 days, whereas the folded
design remains stable for 50 days.

The second improvement includes three aspects associated with
the rectifying diode (Fig. 2a.(ii)-(v)): substrate material, diode pocket
structure, and connection pads. First, PA replaces PU and PLGA as the
substrate, to enable superior mechanical and thermal stability
(Fig. 2a.(ii)). First, with a Young’s modulus of ~25 MPa19, far exceeding
that of PU (0.5–3.8 MPa)8, PA provides excellent integrity under
mechanical stresses such as bending and stretching. Also, the higher
glass transition temperature (Tg: 61 °C)20 and thermal degradation
temperature (Td: ≥ 300 °C)19 of PA compared to PLGA (Tg: ~40–60 °C,
Td: ~300 °C)10, ensure stability during bonding processes at tempera-
tures of ~210 °C. resonant frequency for 40 days. Second, a recessed
pocket structure secures the diode and prevents mechanical damage
(Fig. 2a.(iii), Supplementary Figs. 7, 8). Third, the addition of holes and
sawtooth patterns in the connection pads increases the contact areas
and creates mechanical interlocking features for improved bonding
with the W/wax paste (Fig. 2c and Supplementary Fig. 9e).

The third improvement involves a monolithic design, wherein
a single Mo sheet forms the Rx coils, extension electrodes, and
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cuff structures. The result is a significant enhancement in elec-
trical and mechanical robustness compared to the bonded system
(Fig. 2a.(vi) and Supplementary Fig. 10). Specifically, the con-
nection between the Rx coil and cuff electrode withstands bend-
ing and compression during implantation (Supplementary
Fig. 10c). While the bonded design fails after 28,000 cycles at
37 °C, the monolithic design exhibits negligible changes after
60,000 cycles (Fig. 2d and Supplementary Fig. 10d). Additionally,
the monolithic design maintains peak strains below the yield

point during 19% uniaxial stretching, unlike the bonded device,
which fails under similar conditions (Supplementary Fig. 10e, f).

Supplementary Fig. 11 highlights some additional aspects of
improvements in performance. For example, the optimized design
maintains uniform temperatures of 25 °C at the Rx coil and 27 °C at the
diode during operation under ambient conditions, while the previous
design shows uneven heating, peaking at 37 °C near the diode in a
manner that affects reliability. Full performance details are in Sup-
plementary Note 1.
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Fig. 1 | Bioresorbable wireless dual-stimulator for nerve regeneration.
a Illustrations of the overall envisioned use case for a device to accelerate recovery
from a sciatic nerve injury. b Illustration of the site of implantation for this clinical
use case. c Exploded-view schematic illustration of the device. d Photographs of
the device integrated with a phantom nerve, with red indicator LEDs, resting on

part of a Tx coil (top), and in a bent state on the finger (bottom). eMicro-CT image
of a device implanted in a rat. f Images of the accelerated dissolution of a device
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Figure 2e presents representative studies of operating lifetime,
indicating that our device maintains 100% stability for more than
1 month. The ratio of the operating lifetime (O) to the degradation
period (D) increases significantly, rising from0.6–3.2% to about 19%, as

a metric of improvement in the balance between operating lifetime
and degradation period (Supplementary Tables 2, 3 and Supplemen-
tary Fig. 12). Collectively, our system offers significant advantages in
functionality, stability, and performance compared to previously
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reported bioresorbable nerve stimulators (Supplementary Table 4).
The operating lifetimes and degradation periods of the devices can be
adjusted from several weeks to several months, depending on the
selection of constituent materials and layouts (details are in Supple-
mentary Table 5).

The treatment duration for optimal recovery in clinical nerve repair
is expected to exceed 6 days due to nerve size and axon regeneration
distances. The device enables evoked CMAP recordings across multiple
time points, allowing investigators to detect early signs of electro-
physiological recovery during the process of neuromuscular reinnerva-
tion. Current FDA-approved temporary neuromuscular stimulator
systems for neuropathic pain21 or diaphragm muscle pacing22 are
designed for short-term use (≤60 days) and have inherent limitations,
such as risk for infection due to the percutaneous leads. Also, retained
internal segments of the non-resorbable leads can impact futuremedical
care, includingMRI compatibility, and limit subsequent interventions. In
contrast, our implantable stimulator provides a long-lasting (>60 days),
fully resorbable solution, eliminating the need for percutaneous com-
ponents, external controllers, or retrieval procedures. This is particularly
advantageous for sustained neuromodulation applications, such as
enhancing axon regeneration, without the drawbacks of retained for-
eign material or procedural complexity.

Electrical characteristics of dual stimulators
During electrical stimulation, the proximal and distal cuffs deliver
the same Vout to both contact sites, due to their parallel connection
in the overall circuit. Figure 3 shows the effects of differences in
nerve resistance in an animal test setup designed to stimulate dif-
ferent nerve sites. Fig. 3a, b summarize the electrical characteristics,
with an illustration of the locations of the two cuff electrodes, the
nerve injury, and the coil for a rat model. Studies include operation
of the device in proximal only (PROX), distal only (DIST), and dual
(DUAL) stimulation mode, determined by the connection of the
extension electrode to the cuff electrode (Fig. 3b, top row). The dual-
stimulation device can selectively isolate and stimulate either the
proximal or distal segments of the nerve for therapeutic electrical
stimulation treatments. The dotted arrow indicates stimulation
(frequency 20Hz, applied voltage 3–5 V) of the sciatic nerve. Mea-
surements of compound muscle action potential (CMAP) indicate a
depolarizing effect only in the tibialis anterior muscle (TA) with
PROX stimulation, only in the lateral gastrocnemius (LG) with DIST
stimulation and in both the TA and LG with DUAL stimulation
(Fig. 3b, bottom row), as expected. The CMAP responses confirm that
there is no cross-activation between the proximal and distal cuffs,
supporting the efficacy and specificity of our dual-stimulation para-
digm. Figure 3c, Supplementary Fig. 13, and Supplementary Note 2
describe the setup and method for analyzing the electrical char-
acteristics according to the stimulation group in the nerve injury
model. Supplementary Note 2 describes the modeling method in
detail.

The essential function is in the ability to deliver effective electrical
stimulation to the nerve interface for promoting nerve regeneration.
The RF power supplied to the transmission (Tx) coil is an important
consideration. Figure 3d–f shows the voltage, current, and power (fil-
led circle) delivered to the nerve for cases of PROX (blue) and DUAL
(pink) stimulators as a function of input voltage (Vin) to the Tx coil,
along with modeling results (dotted lines). Each input voltage corre-
sponds to the input power, as shown in Supplementary Fig. 14. The
data in Fig. 3d indicate that the Vout from the device at the nerve
increases with Vin. The detailed measurement method is described in
Note 2, Fig. 3e, f show agreement between experiment and simulation
results for the current and power of the stimulation. Negligible dif-
ferences exist between themagnitude of stimulation for the PROX and
DUAL cases, thus verifying that the devices are suitable for comparing
the results for these two cases.

For a given device and configuration of Tx and Rx coils, the
magnitude of stimulation at the nerves depends on three parameters:
the total resistance of the nerves Rtot , Vin and the wireless power
transfer efficiencyη= S21

�
�

�
�
2
× 100%, obtained from the S-parameters in

high-frequency electromagnetic finite element simulations (Supple-
mentary Note 3 and Fig. 3g–i). Measurements indicate that Rtot are in
the range of 3–6 kΩ atVin of 3 V or higher (Fig. 3g). This result is within
the commonly reported range for nerve impedance, on the order of
several kΩ23–26. The left of Fig. 3h shows 3D electromagnetic finite
element simulations of the wireless power transfer system, to capture
the physics of inductive coupling between the Tx and Rx coils at
13.56MHz, with the Rx coil vertically 3mm above the Tx coil. The
power transfer efficiency follows a nonlinear decay as the nerve
resistance increases. Modeling results for relevant resistances indicate
that the power transfer efficiency is between 0.75 and 1.5% (Fig. 3h,
right), for a vertical separation distance of 3mm, zero angular, and
zero lateral misalignment between the coils.

The frequency-dependent response of the bioresorbable stimu-
lator is modeled in the MHz range for variable resistances in the phy-
siological range of interest 3–6 kΩ; the S-parameters at resonance vary
between −1.6 to −1.4 dB (Fig. 3i), and the power transfer efficiency
varies between 0.75 to 1.5% (Fig. 3j). The details are in Note 3.

In vivo operation
Figure 4 summarizes the use of the device in a rodent model. The
implantation procedure appears in Fig. 4a, b shows the circuit and
block diagram. Activation occurs with the passage of RF current
through the Tx coil (Supplementary Fig. 15a). Simulation results for the
dual loop antenna (Tx coil) on the right side of Supplementary Fig. 15b
show the magnetic field distribution. Supplementary Fig. 15c sum-
marizes Vout at heights of 1, 3, and 5 cm from the Tx coil. The Rx coil is
at a height of 3–5 cm when the rat is prone on the Tx coil. Supple-
mentary Fig. 16 presents two methods for determining the optimal
placement of the Rx coil. Activation of an LED connected to the Rx coil
facilitates visual identification of the location of maximum η (Supple-
mentary Fig. 16b). A voltmeter connected at the cuff electrode quan-
tifies Vout (Supplementary Fig. 16c).

Evaluations of devices 1 (Fig. 4) and 2 (Supplementary Fig. 17)
involve tests in two biologically independent rat models. Indicators of
device lifetime and operational stability can be evaluated through
changes in the input power to the Tx coil needed to achievemaximum
CMAP amplitude (Fig. 4c and Supplementary Fig. 17a) and through
changes in the CMAP amplitude for a fixed power of 2W to the Tx coil
(Fig. 4d). The Tx power necessary to achieve maximum CMAP ampli-
tude gradually increases to 3W over ~110 days for Device 1, and to
3.5W over 107 days for Device 2 (Fig. 4c). For a fixed power of 2W,
Devices 1 and 2maintain at least 80%of themaximumCMAP values for
~90 and 70 days, respectively (Fig. 4d and Supplementary Fig. 17b). In
these cases, increasing the input power to 3.5–4W enables stimulation
at maximum CMAP amplitudes for 130 days for Device 1 and 110 days
forDevice 2. Beyond 136days forDevice 1 and 114days forDevice 2, the
devices fail to inducemeasurable amplitudes even at a power of 10W,
mainly due to mechanical damage in the extension electrode area
(Supplementary Fig. 10 and Supplementary Fig. 18) and dissolution of
PLGA at the cuff and electrode connections.

The biocompatibility of the implanted device and the nerve
tissue damage following electrical stimulation was evaluated 2 weeks
after the device implantation by assessing fibrosis thickness around
the cuff and the number of macrophages and apoptotic cells inside
the nerve. The fibrotic collagen layer thickness was approximately
200μm due to the foreign body reaction following cuff electrode
implantation, and there was no significant difference in the encap-
sulation thickness depending on the presence or absence of elec-
trical stimulation (Supplementary Fig. 19a, b). In addition, the
number of macrophages and the number of apoptotic cells in the
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nerve were analyzed through immunofluorescence staining (IF) and
TUNEL staining targeting CD68 and fragmented DNA, respectively
(Supplementary Fig. 19c–f). The expression of CD68, markers of total
macrophages, was minimal in all groups and had no significant dif-
ference (Supplementary Fig. 19c, d). Fragmented DNA-stained cell
death was observed to be less than 1% and had no significant

difference in all groups (Supplementary Fig. 19e, f). This indicates
that cuff implantation maintains low cytotoxicity and high bio-
compatibility with surrounding tissues, and that electrical stimula-
tion does not cause significant tissue damage.

At 4- and 32-weeks post-implantation, blood chemistry evalua-
tions indicate that most parameters remain within normal ranges
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relative to controls, consistent with the biocompatibility of the
implanted device (Supplementary Fig. 20). Key blood chemistry
markers at 4 weeks—creatinine (CREA), total protein (TP), albumin
(ALB), glucose (GLU), alanine aminotransferase (ALT), alkaline
phosphatase (ALP), and total bilirubin (TBIL)—exhibit no significant
differences from controls, suggesting no adverse organ toxicity and
preserved renal, hepatic, and metabolic functions (Supplementary
Fig. 20a). Supplementary Fig. 20b summarizes blood chemistry
parameters including white blood cell (WBC), hemoglobin (HGB),
mean corpuscular volume (MCV), and platelet (PLT) counts at 4- and
32-weeks post-implantation. Initially, WBC and PLT counts exhibit a
slight difference 4 weeks after surgery, likely reflecting an early
immune response, but subsequently stabilize or return to control
levels by 32 weeks.

Early regeneration: dual stimulation to prevent muscle atrophy
immediately following nerve injury
Examination of denervated muscles early after nerve injury pro-
vides information on muscle retention and the ability of the
muscle to prevent atrophy27. As illustrated in Fig. 5a, ultrasound
images of LGs demonstrate that DUAL rats (0.91 ± 0.08, n = 6)
have a significantly higher cross-sectional area (CSA) than PROX
animals (0.79 ± 0.06, n = 7) [p = 0.0049] one week after injury.
DUAL also have a larger average CSA than SHAM (0.83 ± 0.05,

n = 8) [p = 0.0334] (Fig. 5b). At 1-week post-injury, DUAL rats
maintain the largest muscle CSA. Histological analysis of MG
fibers 2 weeks after injury shows that DUAL stimulation
(707 ± 120, n = 8) leads to a significantly higher fiber CSA than
both PROX stimulation (563 ± 167, n = 9) and SHAM (non-stimu-
lated) (449 ± 125, n = 10) [p = 0.0449 for PROX; p = 0.0007 for
SHAM] (Fig. 5c). These results indicate that dual stimulation
maximizes the therapeutic outcome of electrical stimulation to
prevent muscle atrophy immediately after nerve injury.

Late regeneration: improved muscle reinnervation 6 weeks
post-injury
Electrophysiological and histological measurements of reinnervated
muscle 6weeks after injuryhighlight the effects of treatment. Basedon
ultrasound imaging, theCSAof the ipsilateral LG at 6weeks after injury
reveals no significant differences between treatment groups at this
timepoint. TheDUAL (0.77 ± 0.10,n = 11) rats showa larger average LG
CSA than SHAM (0.72 ± 0.04, n = 12), although not statistically sig-
nificant [p =0.07] (Fig. 6a). The average of PROX rats is 0.72 ± 0.05
(n = 11). At the same time point, histological analysis of MG fibers show
that both DUAL (1049± 195, n = 11) and PROX (1060 ± 252, n = 11) ani-
mals have significantlyhigherfiberCSA thanSHAManimals (770 ± 148,
n = 12) [p =0.0040 for DUAL, p =0.0016 for PROX] (Fig. 6b). The data
indicate no difference in mean CSA between DUAL and PROX
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[p =0.89]. Figure 6c shows 6-week CMAP responses to direct electro-
myographic (EMG) stimulation of the sciatic nerve for assessing mus-
cle reinnervation. At six weeks after injury, both DUAL (0.31 ± 0.11,
n = 11) and PROX (0.32 ± 0.16, n = 11) animals show greater recovery
than SHAM (0.17 ± 0.058, n = 10) [p =0.0136 for DUAL and 0.0068 for
PROX]. DUAL and PROX have similar averages and are not significantly
different [p = 0.77] (Fig. 6d).

Further examination, six weeks after injury, focuses on the
percentage of MG muscle fibers that were denervated, out of a total
of more than 200 fibers per animal. These fibers are angular and
measure less than 250 µm2 in size, as shown in Supplementary Fig. 21.
SHAM (33 ± 10, n = 12) animals show significantly higher percentage
of denervated fibers than both DUAL (11 ± 7.5, n = 10) and PROX
(11.6 ± 10, n = 11) [p < 0.0001 for DUAL, p < 0.0001 for PROX]. DUAL
and PROX show no significant differences in their averages
[p = 0.86] (Fig. 6e).

In summary, dual electrical stimulation is effective in preventing
muscle atrophy in rodents immediately after nerve injury and effec-
tively enhances muscle reinnervation in the later stage of recovery, 6
weeks after injury.

Discussion
This study demonstrates that the bioresorbable wireless stimu-
lators can be engineered to allow simultaneous operation at
multiple sites, with stable outputs for up to several months. In
dual-stimulator designs applied to peripheral nerves, animal
model studies indicate capabilities in the prevention of early
muscle atrophy following a PNI and to accelerate muscle rein-
nervation. These advances have broad implications in resorbable
implants as bioelectronic medicines, configured to operate over a
timeframe aligned with a clinical need and then to disappear, as a
mechanism to avoid the requirement for surgical extraction
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procedures. Other clinical applications requiring long-term
treatments with bioresorbable devices, including long-term
nerve regeneration, appear to be promising targets for future
research.

Methods
Preparing the bioresorbable wireless dual stimulator
Fabricating and encapsulating the electronics. To prepare poly-
urethane (PU) 75, 2.7 g of polycaprolactone triol (PCL-triol, averageMn
~900 g/mol; DAICEL)melted at ~60 °C. After completemelting, 540μL
of hexamethylene diisocyanate (HDI; Sigma-Aldrich) was added, and
the mixture was further heated at 60 °C for 15min. Anhydrous butyl
acetate (15mL; Sigma-Aldrich) was then added, and the solution was
mixed thoroughly using a vortex. Tin(II) 2-ethylhexanoate (Sn(Oct)2,
6.53μL; Sigma-Aldrich) was introduced as a catalyst. The resulting
solution was drop-cast onto a silicon (Si) wafer and dried overnight at
~60 °C to form a PU film. A mixture of 1,3,5-triallyl-1,3,5-triazine-
2,4,6(1H,3H,5H)-trione (TTT; Sigma-Aldrich), 4-pentenoic acid (4PA;
Sigma-Aldrich), and 1,4-butanediol diacrylate (BDT; Sigma-Aldrich) at a
molar ratio of 1:4:7 formed the polyanhydride (PA) precursor solution.
Based on 0.46 g of 4PA, the formulation included 27mg of 2,2-dime-
thoxy-2-phenylacetophenone (DMPA; Sigma-Aldrich) as a photo-
initiator. Drop-casting a 5wt% solution of poly(lactic-co-glycolic acid)
(PLGA; 75:25, (lactide:glycolide); Sigma-Aldrich) in ethyl acetate onto a
Si wafer produced a uniform film, which dried overnight in a fume
hood. A biodegradable W/wax conductive paste composed of tung-
sten (W)microparticles (2–4 μm; Buffalo Tungsten) and candelilla wax
at a weight ratio of ~10:1 formed28.

Details on the process appear in Supplementary Fig. 2. The Mo
structure consisted of two layers, referred to as the bottom and top in
the following. Laser-cut Mo foils (15-μm thick; Goodfellow) formed Rx
coils along with structures for the extension and cuff electrodes. The
PU and PA substrates offered sufficient adhesion to the Mo foil to
prevent its movement during the laser-cutting process. The top elec-
trode design aligns with the bottom using three alignment markers,
producing a dual stimulator with stacked extension electrodes of the
same width as those in a single stimulator.

Forming vias for the Rx coils. The regions of the Rx coils include a
central interlocking fold structure. This design mechanically connects
the top and bottom coil layers, forming a robust interlocking bond
when folded. Biodegradable W/wax paste completes the electrical
connections, finalizing the Rx coil. The detailed procedures in folding
and bonding appear in Supplementary Fig. 4.

Fabricating and integrating the diode. Preparation of transient
PIN (p-type–intrinsic–n-type) diode involved solid-state diffusion of
phosphorus (950 ℃ in a tube furnace with N2 flow) and boron
(1000 °C in a tube furnace with N2 flow) onto silicon-on-insulator
(SOI) wafers (top silicon 5.0-μm thick, p-type, 1–10 Ω·cm; Ultrasil
LLC, US), with doping regions defined by photolithography and
~320-nm-thick SiO2 masks formed by plasma-enhanced chemical
vapor deposition (PECVD); sequential patterning, BOE etching, and
doping formed n+ and p + regions, followed by removal of the
buried oxide by hydrofluoric acid (HF) and deposition of insulating
and contact metal layers8,11. Information on the procedures for
forming the diode connections are in Supplementary Fig. 8. Sup-
plementary Fig. 8a–f summarizes the process for transferring the
diodes to films of PA. Supplementary Fig. 8g–l highlights the diode
connection pad, the method for mounting the diode into the
pocket. Long-term performance and structural stability evaluations,
including testing via structures, diode connection pads, mechanical
durability, and defect detection, are discussed in detail in Supple-
mentary Note 1.

Electromagnetic simulation
The electromagnetic performance of the Tx coil and the wireless
power transfer system was modeled using the commercial software
package ANSYS HFSS. This modeling determined the magnetic field
and Vout to ensure sufficient energy transfer over the working range of
the device. The dimensions of the two-loop Tx coil measured 15 cm×
20 cm, and copper wire (AWG 12) used as the conductive element. A
lumped port delivered 2W of input power to the antenna, with input
impedance matched at 13.56MHz. Detailed simulation results and
configuration are in the Supplementary Note 4.

In vivo studies using rat models
Device implantation. All animal use procedures were approved by
Northwestern University’s Institutional Animal Care and Use Com-
mittee (protocol IS00014691) and were performed in full compliance
with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and the guidelines of the National Society for
Medical Research. The devices, sterilized with UV for 30min prior to
implantation, were surgically implanted into the right sciatic nerve of
male and female Sprague-Dawley rats (250–300g, Charles River
Laboratories). The proximal cuff waswrapped around the sciatic nerve
and the distal cuff was secured to the tibial nerve branch (see Figs. 3a,
4a and Supplementary Note 5).

Wireless operation. Powerwasdeliveredwirelessly to thedeviceusing
a commercial RF system (NeuroLux, Inc., Evanston, IL). Experimental
animals were divided into three electrical stimulation groups (Fig. 3b):
(1) no stimulation using a sham device model (SHAM), (2) stimulation
of only the proximal sciatic nerve (PROX), and (3) stimulation of both
the proximal sciatic nerve and the distal tibial nerve (DUAL). Ther-
apeutic electrical stimulation was performed for 1 h per day for 6 days
with a pulse width of 200μs, a frequency of 20Hz, and a minimum
amplitude above threshold of 2–4 V (See Supplementary Table 6 for
stimulation parameters). A 6-day therapeutic electrical stimulation
protocol was selected as it has was identified as optimal for rat sciatic
nerve injury recovery in previous studies6,29. Additionally, while a range
of parameters have been effective in promoting axon regeneration
(3–100Hz frequency, 100–400μs pulse width, and 0.2–3 V)30, the
selected protocol is the same as previously used by our group6.

Evaluation. Two groups of animals were evaluated at endpoints of 2
and 6 weeks (n = 27 and n = 34, respectively). Six weeks was chosen as
an intermediate recovery time point to assess therapeutic effects
before full recovery occurs, avoiding ceiling effects while accounting
for the prolonged regeneration timeline in rat models of nerve trans-
ection and repair31–33. Each stimulation groupmaintained a similar ratio
of male and female rats (Supplementary Table 7).

Histological analysis
Processing of the tissue. Animals were sacrificed and intracardially
perfused with phosphate-buffered saline, followed by 4% paraf-
ormaldehyde. MGs were then immersed in 4% paraformaldehyde for
24 h, 30% sucrose solution for 24h, and were snap-frozen in Tissue
Freezing Material (TFM-C, Thermo Fisher Scientific) immersed in iso-
pentane cooled by liquid nitrogen. MGs were sectioned into 16-µm-
thick transverse sections on a cryostat (CM3050S, Leica).

Ultrasound imaging of cross-sectional areas. Ultrasound images
were captured using a Logiq Ultrasound System (P9 XDclear, General
Electric) with a Matrix Linear Array Probe (ML6-15L, General Electric)
(Fig. 5a). Animalswere anesthetized and three imageswere takenof each
LG and averaged to attain the cross-sectional area (CSA) at each time
point. The ipsilateral CSAwas normalized to the contralateral to account
for sex differences in animal size. For the early regeneration study
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results (Fig. 5b), normalized 1-week valueswere comparedbetweenmale
and female rats using a two-way ANOVA. No effect of sex was found, so
the data were combined for each treatment [p=0.284]. In the late
regeneration study results (Fig. 6a), a two-way ANOVA also revealed no
significant effect of sex, so data were combined [p=0.119].

Analyzingmuscle fiber. To determine the fiber CSA,MGs were stained
with ColIV (ab6586, Abcam) and imaged at 20x (DM6000 B, Leica). For
each animal, four random sections of the muscle were captured, and
400 muscle fiber areas were averaged using ImageJ. In the early regen-
eration study results (Fig. 5c), fiber CSA values were compared between
males and females using a two-way ANOVA, and no significant effect of
sex was found, so data were combined for each treatment [p=0.8425].
In the late regeneration study results (Fig. 6b), a two-way ANOVA
showed a significant effect of sex, but data were combined due to an
equivalent ratio of both sexes for all treatments [p=0.03743].

Additionally, small angulated fibers (less than 250 µm2) consistent
with chronic denervation were also quantified. Four sections were
randomly captured, and eachwas blindly evaluated for the percentage
of denervated muscle fibers by a board-certified neuromuscular
medicine physician trained in neuromuscular pathology, and the
values were averaged. A two-way ANOVA confirms that there is no
effect of sex, so the data from males and females are combined for
each treatment [p = 0.45].

Electrophysiology measurements
After anesthetizing the animals, CMAP amplitudes weremeasured using
EMGwith a 1-inch, 30-gauge concentric needle electrode connected to a
clinical-grade Nicolet EDX system with Synergy software (Natus Neu-
rology, Middleton, WI). In Supplementary Fig. 26, data showed a robust
correlation between electrophysiological and behavioral outcomes,
makingCMAP an effective indicator of functionalmuscle recovery in our
experimental paradigm (experimental setup described in Supplemen-
taryNote 7 aswell as aligningwith current clinical practice in assessment
of nerve injuries34. Measurements of LGmaximumamplitudewere taken
prior to nerve injury to account for variability in pre-injury maximum
CMAP amplitude among rats, setting this as the baseline. Themaximum
CMAP amplitude values measured 6 weeks after device implantation
and nerve injury were normalized to the pre-injury baseline. Thus, the
observed recovery was relative to each animal’s baseline, considering
the maximum innervation potential of the individual rat.

To account for sex differences, 6-week values were normalized to
baseline. These values were evaluated for sex differences using a two-
way ANOVA, but none were found [p =0.165]. Therefore, sexes were
combined for each treatment.

Statistical analysis
A priori power analysis (performed in G-Power) determined the number
of animals needed (n=44) to adequately power a one-way ANOVA
comparisonwith an effect size of 0.5, andα=0.05. For statistical analyses,
theα level was set to 0.05. Results are expressed asmean values with one
standard deviation. Two-way ANOVAs were utilized to assess sex differ-
ences for each outcome, andmales and females were combined for each
treatment. Then, one-way ANOVAs were used to determine the effects of
treatment, followed by a Fisher LSD post hoc test. All treatment groups
(SHAM, PROX, and DUAL) were included in the data analysis.

Ethics declarations
Every experiment involving animals have been carried out following a
protocol approved by an ethical commission (protocol IS00014691).

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

Data availability
The data that support the findings of this study are available within the
main text and the Supplementary Information. The data generated for
the studies shown in Figs. 1–6 are provided in the Supplementary
Information/Source data files. All data are also available from the
corresponding authors upon request. Source data are provided with
this paper.
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