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Continuous operation of battery-free implants enables
advanced fracture recovery monitoring

Kevin Albert Kasper‘, Gerardo Figueroa Romero'?, Dania L. Perez', Avery M. Miller’,
David A. Gonzales?, Jesus Siqueiros1, David S. Margolis1'2’3*, Philipp Gutruf'**

Substantial hurdles in achieving a digitally connected body with seamless, chronic, high-fidelity organ interfaces
include challenges of sourcing energy and ensuring reliable connectivity. Operation is currently limited by batter-
ies that occupy large volumes. Wireless, battery-free operation is therefore paramount, requiring a system-level
solution that enables seamless connection of wearable and implantable devices. Here, we present a technological
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framework that enables wireless, battery-free implant operation in freely moving subjects, with streaming of
high-fidelity information from low-displacement, battery-free implants with little user interaction. This is accom-
plished using at-distance wirelessly recharged, wearable biosymbiotic devices for powering and communication
with fully implantable NFC-enabled implants. We demonstrate this capability with osseosurface electronics that
stream bone health insight. Eleven-month-long large animal studies highlight the ability of implants to relay in-
formation on bone health without negative impact on the subjects. Clinical translatability is shown through frac-

ture healing studies that demonstrate biomarkers of bone union.

INTRODUCTION

Continuous collection of biosignals offers profound benefits in re-
fining diagnostic accuracy (1-3), personalizing patient care (4-6),
and assessing disease progression and intervention efficacy (7-9).
Implantable devices, which can sample with higher sensitivity and
improved measurement accuracy relative to wearable medical de-
vices, further enhance the benefits of continuous biosignal collec-
tion (10, 11).

Traditionally, continuous operation of implantable devices relies
upon electrochemical power storage, such as batteries, which suffers
from several limitations: finite lifetimes, limited energy storage
capacity, and size restrictions due to space limitations at the target
site. Wireless charging techniques enable implantable devices with
smaller, rechargeable batteries that increase functional lifetimes, ex-
tend potential biological targets, and permit more demanding ap-
plications (12, 13). Still, rechargeable batteries have a finite number
of cycles, with overall efficiency decreasing over time, and battery
size continues to impose limitations on target sites and device archi-
tectures (14).

Recent work in implantable medical devices highlights the ad-
vantages of electronics powered entirely through wireless power
transfer (WPT) technologies, such as through ultrasound, light, or
near-field coupling (12, 15-17). These wireless systems avoid per-
formance degradation from battery power supplies and inherently
increase functional lifetimes relative to battery powered implants,
which must be recharged or replaced. In addition, they offer mark-
edly reduced displacement volumes and the opportunity to create
devices with soft mechanics (18) that decrease tissue irritation (19)
and facilitate insertion using less-invasive implant methods (20).
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Despite numerous advantages, applications of this device class re-
main limited by current system-level WPT approaches (16).

Continuous power delivery to implantable wireless, battery-free
(WBF) systems in large animal models and humans is a critical tech-
nological bottleneck impeding widespread adoption and clinical
relevance. The few existing clinical WBF implants use tethered pow-
er casting or large, bulky battery packs, which are inconvenient at
best and prohibitive or exclusionary in some applications (21, 22).
Compact battery-powered wearables for powering WBF implants
exist; however, they are primarily used for short-term interfacing
(23-26). While battery-powered wearables for WPT allow the free-
dom of movement, they must be frequently removed to be re-
charged, which leads to intermittent data and function loss (27) and
can contribute to patient noncompliance over time (28).

There are currently no practical solutions for long-term deploy-
ment of WBF implants, especially when considering populations
that may not be capable of managing their own care. There is a need
for system-level design which can realistically be adopted by users of
all abilities. To facilitate seamless utilization of WBF implantable de-
vices over chronic timescales in freely moving patients without
needing to manage battery life, we introduce a wireless, wearable,
biosymbiotic hub (BH) for battery-free implants, illustrated in
Fig. 1A. This wearable device transfers power and exchanges data
with WBF implantable electronics over chronic timescales, enabling
sustained operation of chronic biointerfaces, exemplified by osseo-
surface electronics (the implantable biointerface shown in Fig. 1A,
inset) (29). Leveraging far-field power transfer capabilities of bio-
symbiotic electronics (30), the system design enables wireless re-
charging at a distance, obviating the need for device removal and
manual recharging. Autonomous operation, achieved using ultralow-
power bluetooth low energy (BLE) (30) and near-field communi-
cation (NFC) controllers, and on-body recharging mean that no
interaction is required from the wearer at any point, extending data
acquisition over weeks to months, only limited by mechanical and
electrical integrity of the wearable (27).

This continuously operating implant interface enables patient
monitoring and recovery tracking and, when paired with an existing
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Fig. 1. Continuously operating wearable device for powering and communicating with WBF NFC-capable implantable electronics. (A) System overview demon-
strating implementation of wireless far-field charging of the wearable device, BLE data output from wearable, and NFC power and data transfer with an implantable bio-
interface, e.g., an osseosurface strain sensor (29). (B) lllustration showing applications of wearable device in patient recovery monitoring, post-surgical rehabilitation, and

long-term disease management.

WBF implant, serves as a sensing and stimulation control interface
during long-term disease management (shown in Fig. 1B).

Impact of this technological framework is demonstrated using
osseosurface electronics (29), which exhibit characteristics such as
growth to the bone and materials that are safe to use over subject
lifetimes. These characteristics enable placement during routine
surgery to characterize bone health over many months, without the
need for device recovery after the diagnostic and therapeutic win-
dow. Osseosurface electronics, when paired with the BH, enable
substantial monitoring capability that can assess bone health and
healing with a precision currently unmatched, paving the way for
targeted, effective therapeutic interventions and consistency in frac-
ture healing assessment.

RESULTS

Indefinite operation of wearable and implant

Biosymbiotic architecture describes a class of devices that enable
autonomous, multimodal data recording without interaction from
the wearer in a form factor that is tailored to the individual, light-
weight, and adhesive-free, promoting extended wear with nearly
imperceptible operation (30-33). The BH, photo shown Fig. 2A
(top), takes advantage of modern NFC technology to power and ex-
change data with WBF NFC-capable devices implanted up to sev-
eral centimeters deep in the body. Figure 2A (middle) details the
core functionality enabled by each of the three onboard antennas.
Electronics are physically separated onto functional islands joined
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via serpentine-patterned interconnects. This design approach, com-
bined with a self-similar serpentine-patterned rectangular coil NFC
antenna, enables system-level stretchability and strain tolerance
critical for everyday wear (30, 34). Encapsulation using flexible ul-
traviolet (UV)-cure resin provides resistance to mechanical and lig-
uid damage while maintaining flexibility.

Figure 2B details operating principles of the wearable device that
enable power transfer and communication with implantables over
chronic timescales without manual battery management. Far-field
power transferred from commercially available 915-MHz power
casting systems is harvested by the BH using a serpentine-structured
dipole antenna, which is extensively characterized in (30). Harvest-
ed power is regulated using a low-dropout voltage regulator (LDO)
and used to charge a lithium polymer (LiPo) battery which feeds the
ultralow-power electronics continuously and buffers high drain
events during implant powering and readout. Federal Communica-
tions Commission (FCC)-approved, commercially available far-
field power casting systems provide rechargeability up to 2 m and
can be placed in areas where subjects spend most of their time, as
determined by behavioral analysis (31). Prior work in biosymbiotic
technology characterizes the charging ability and limitations of far-
field power transfer for this device class (30-33). The BLE micro-
controller on the BH handles communication with external systems,
processes data received over NFC, and controls the NFC initiator-
reader integrated circuit (IC) that generates the 13.56-MHz near
field for power transfer and communication with NFC-enabled
implants. Detailed system schematic is shown in fig. S1. Antenna
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Fig. 2. Continuously operating, wearable battery-free implant interface design. (A) Photograph of BH on arm (top). Osseosurface electronics dummy epidermally
adhered in center of serpentine-structured NFC antenna to simulate operation in humans. A 3D rendering (middle) identifies the three antennas that enable data collec-

tion from WBF implants over extended durations. The bottom rendering illustrates

data and power exchange between wearable device and implant. (B) Functional block

diagram for the BH broadly applicable to any NFC-capable device. (C) Current consumption of wearable when idling with BLE enabled, connected over BLE to a data
logging device, and connected with WPT enabled. (D) Power transfer between the BH and osseosurface electronics through porcine tissue of increasing thickness. The

typical operating power range of osseosurface electronics is highlighted in green

. (E) 3D plot of field densities created in open air by the BH with two NFC antenna con-

figurations. Left: Circular, wire-wound four-turn antenna. Right: Serpentine-structured two-turn flexPCB antenna. Size of harvesting antenna is shown at z=0 mm on both

plots. LiPo, lithium polymer.

matching and tuning circuitry at the NFC interface allows for
straightforward replacement of the NFC antenna to suit different
applications, such as larger coverage area or concentrated power de-
livery for deep tissue implants. In addition, the NFC initiator-reader
IC has automatic antenna tuning functionality, allowing real-time
corrections to account for detuning as the dielectric environment
around the BH changes, such as different clothing (see fig. S2).
While the BH does not need to be charged similar to traditional
wearable devices, efficient power management is still necessary to
ensure smooth operation between charging events. Figure 2C plots
current and power consumption during typical operating scenarios.
By default, the BH remains in a low-power sleep with BLE active
and the NFC transceiver powered down, consuming <0.5 mW. Upon
BLE pairing, the device wakes and increases BLE packet rates to
maintain responsiveness. BLE packet exchange events (duration, <3
ms) consume a maximum of 30 mW. During reading periods where
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the BH is powering and communicating with an implant, power
consumption is reliant upon NFC antenna matching but can vary by
application between 500 mW and 1.6 W. For shallow tissue applica-
tions, the BH with serpentine-structured NFC antenna draws 150 mA
during power transfer events. For deeper tissue implants, a smaller,
circular wire-wound NFC antenna can be used to concentrate the
field, with the BH drawing 250 to 370 mA depending on target
depth. Without far-field power harvesting or WPT events, the BH
has a lifetime near 6.5 days using a single 0.3-cm’ 30-mAh LiPo cell.
This lifetime can be markedly increased (into weeks and months) by
disabling the microcontroller’s BLE radio and placing the microcon-
troller into a deep sleep or standby mode, although some trigger,
e.g., an accelerometer on the wearable BH monitoring for gait
patterns, will need to be implemented to wake the device and enable
BLE communication. For detailed lifetime data during different
operational modes, see table S1.

30f14



SCIENCE ADVANCES | RESEARCH ARTICLE

Power harvesting of the implant through increasing layers of
porcine tissue, shown in Fig. 2D, indicate a peak power availability
of 24 to 32 mW on and off bone, respectively, at 0-mm tissue depth
when using a circular coil wire-wound NFC antenna. At 30-mm tis-
sue depth, power availability decreases to 8 mW. Power transfer at
13.56 MHz is well characterized (35) and considered safe (12), with
strict regulations by the FCC of 1.6 W/kg (36) and the International
Commission on Non-Ionizing Radiation Protection (ICNIRP) of 4 W/
kg (37) limits for specific absorption rate (SAR) in arms and legs. A
SAR simulation of the serpentine-coil NFC antenna on the BH, il-
lustrated fig. S3, reveals a SAR of <0.017 W/kg at maximum power
output, well below both the FCC and ICNIRP limits. Prior charac-
terization of the 915-MHz power harvesting dipole antenna reveals
a maximum SAR of 0.235 W/kg (30), also well below federal and
international safety regulations.

Under ideal conditions, the maximum data rate for the NFC
standard used in this work [International Standards Organization/
International Electrotechnical Commission (ISO/IEC) 15693] is
26.48 kilobits/s (kbps) (38). For standard 12- or 16-bit fidelity this
equates to 2206 and 1655 samples/s, respectively (39). Figure S4
shows data transfer rates through tissue on- and off-bone realized by
the BH when paired with osseosurface electronics. Analysis shows
data acquisition rate from the implant decreases as tissue thickness
increases, likely due to increased bit error rate as field amplitude
decreases. The data show that the BH can power and read from de-
vices implanted up to 48-mm deep with around 600-Hz sampling
rate and 16-bit fidelity. Communication with devices implanted
deeper than 48 mm was unreliable for the high sampling rates re-
quired for osseosurface electronics; however, the BH’s performance
may still be acceptable for operations with less stringent require-
ments up to 60-mm deep.

Shown in Fig. 2E (left) is the spatial distribution of the generated
field for a circular four-turn NFC antenna, which is designed for
powering deep tissue osseosurface electronics. The field distribution
for the serpentine-structured antenna is shown Fig. 2E (right). The
serpentine-structured antenna sacrifices field strength and delivery
depth, relative to the circular coil antenna, in exchange for stretch-
ability (see fig. S5), conformality, and higher tolerance for implant-
BH misalignment (fig. S6).

To demonstrate the adaptability of these powering and commu-
nication antennas, implantable device antennas with different ge-
ometries—i.e., number of turns, trace thickness and spacing, and
shape—are characterized with results shown in fig. S7, featuring
power densities from 440.8 to 3101 mW/cm®. The power harvested
by miniaturized WBF implantable antennas (5.1 mm by 9.4 mm,
0.003-cm’ displacement volume, and 20 mW peak consumption) is
sufficient for optical (40, 41) and electrical stimulation (42, 43).

Chronic wearable experiments

Despite the benefits of health and activity tracking, user retention of
devices for diagnostics and therapeutics remains an unsolved issue,
with comfort and usability as the most cited reasons. Numerous so-
cial, cognitive, and psychological factors influence device use; ulti-
mately benefit to burden ratio determines retention (27, 44).

A focus is to eliminate user interaction with the BH. Through
biosymbiotic device architecture, which enables uninterrupted op-
eration (30, 31, 33), data communication over tens of kilometers
(32), and high fidelity sensing capabilities (30, 32), we achieve total
system weight of 23.5 g with one 30mAh battery and an average
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device thickness of 0.93 mm. Compared to common wearable
devices, this is an average profile 12x thinner (0.93 mm vs 12 mm,
smartwatch) and a stiffness 13.4% - 16.5% of a tested commercial
smartwatch band (fig. S8), providing enhanced comfort over ex-
tended durations. The BH minimizes skin contact over the bulk of
the device and omits adhesives, encouraging normal skin turnover
and preventing irritation arising from accumulation of sweat, for-
eign particles, and skin debris. Coupled with far field power casting,
this enables continuous wear and uninterrupted data streams. The
continuously operating BH can be worn while sleeping and during
exercise (Fig. 3, top). Elastomer encapsulation (see fig. S9) enables
continuous wear even in showers.

To demonstrate chronic functionality, i.e., continuous operation
of the BH without removal using only far-field power transfer, a
chronic wearability experiment is performed. An average sampling
rate of 2 recording sessions per day is utilized (see table S1) over a
two-week period. During each recording session, the NFC reader
field is enabled, and mock strain and ambient temperature data are
collected at 600 Hz and 10 Hz, respectively, via NFC from an epider-
mally laminated osseosurface device. Fig. 3 (Bottom) shows battery
life over a two-week period. Regions shaded in green indicate charg-
ing sessions each day when the wearer was seated at their work desk.
Recorded battery voltage remains above 3.7 V during the experi-
ment, well above the required minimum, which is labeled “Battery
Empty”, demonstrating robust recharging without action by the sub-
ject, well aligned with characterization of far field power transfer
from prior work characterizing daily availability of power using hu-
man behavior experiments (31).

Enhanced osseosurface electronics for chronic bone

health characterization

Prior work with osseosurface electronics showcases WBE, fully-
implantable musculoskeletal biointerfaces capable of high-resolution
sensing and stimulation in freely moving small animal subjects
in vivo (29). When deployed in conjunction with the BH, osseo-
surface electronics provide detailed insight into bone health over
extended durations. To support months of continuous operation in
large animal models, integration of digital adjustment of the strain
sensing circuitry is necessary to compensate for bias induced during
surgery and stages of osseointegration.

Shown in Fig. 4A is a photograph of an osseosurface implant
with a serpentine biointerface interconnect that provides strain iso-
lation, promoting osseointegration of the strain gauge by limiting
gauge movement during the bone bonding process and enabling at-
tachment in large animal models (29). Tabs on either side of the
device antenna allow for improved manipulation during surgical
implantation and a secure fastening point for resorbable sutures,
improving device contact with the osseosurface and minimizing any
post-surgical device migration before osseointegration. An explod-
ed layer diagram and circuit diagram in fig. S10 (A and B) indicate
circuitry introduced for on-the-fly adjustment of sensing circuit pa-
rameters post-implantation, critical for chronic operation in large
animal models. Specifically, a digital potentiometer and a variable
gain instrumentation amplifier are introduced to enable adjust-
ments of strain sensing parameters to accommodate for induced
strain bias as the device bonds to bone. A complete system sche-
matic is included in fig. S11.

Figure S12 shows characterization of high-fidelity strain sens-
ing with a resolution of 0.36 microstrain (pe) per analog-to-digital
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Fig. 4. Osseosurface electronics for chronic bone health characterization. (A) Photograph of an osseosurface device. Green dashed outline indicates location of the
biointerface, where the strain gauge and thermography sensor are located. (B) Demonstration of bone strain acquisition with the ability to digitally adjust gain and bias-
ing of the strain sensing circuit. Bias adjustment units are digital wiper values for 8-bit digital potentiometer. Dashed line in bias adjustment indicates maximum value for

14-bit ADC.

converter (ADC) value, as captured by a 10-bit ADC upsampled to
14-bits, equating to a dynamic range of 5957 pe. Bone strain mea-
surement in vivo shows normal ambulatory magnitudes peaking
around ~1200 pe (45), ~2000 to 2200 pe (46, 47), and ~2000 pe (48)
for rats, sheep, and humans, respectively, all within engineered dy-
namic range. The circuits introduced here capture fine detail of
strain during loading of a bone sample, shown in fig. S12A, where
peak strain of 1181 pe at 20-kg loading is visible. Metal foil strain
gauges are chosen here due to their high resolution (higher than 0.1
microstrain, pe) (49) and temperature stability, very fine resistance
tolerances (the gauges used in this work guarantee a tolerance of
0.8%), and enhanced cyclic stability compared to other strain sens-
ing techniques, which is critical for continuous operation over ex-
tended monitoring periods. While metal foil gauge performance is
poor for usage in cartilage and other soft tissues, the deployment of
these gauges on cortical bone in vivo limits their exposure to strains
beyond their sensing capabilities, with cortical bone having a typical
physiological range of ~2000 pe (48). Continuous thermography al-
lows for early detection of fluctuations in localized tissue tempera-
ture to provide a biomarker for acute inflammation or infection.
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Temperature sensing is included for this reason, although we did
not encounter any infection during large animal studies (50). Gold-
standard comparison with a resolution of 6 mK/ADC value, also
captured with a 10-bit ADC upsampled to 14 bits, is shown in
fig. S12B.

Shown in Fig. 4B (left) is bone loading data measured by an os-
seosurface device with gain settings of 10X, 40X, 100x, and 200X.
Figure 4B (right) shows the effects of bias adjustment on strain ac-
quisition. These capabilities enable adjustments for any prestrain
induced during or after implantation. This combined functionality
allows for high sensitivity data collection over months with the abil-
ity to adapt to ongoing bone deposition and bone defects, such as
fractures and osteoporosis, that result in bone deformation well out-
side the range of healthy participants.

Large animal studies

Long-term large animal studies are performed to establish base-
line clinical readiness of this technological framework with sheep,
chosen due to their suitability as an orthopedic model for humans
(51). Each sheep is implanted with four osseosurface devices. Sensor
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placements are illustrated in Fig. 5A (top with insets). The place-
ment of the BH relative to the implants is depicted in Fig. 5A
(bottom), with a photograph of the device worn by a sheep shown
in Fig. 5B. ISO/IEC standard ISO15693 uses anti-collision mech-
anisms that allow tolerance of over one hundred overlapping
NEC devices, thus multiple osseosurface devices can be highly
localized (Fig. 5A, middle inset) and addressed individually (see
fig. S13 for simultaneous multidevice data collection measure-
ments), with a maximum data rate of 26.48 kbps split across bidi-
rectional data exchange from all implants. Assuming a sampling
rate of 60 Hz (48 Hz is shown to capture at least 90% of the full
value of most kinematic impact forces) (52), up to 10 osseosur-
face devices can be theoretically colocated and simultaneously

Proximal/distal femoral

capture clinically relevant data (see table S2 for data rate mea-
surements and calculations).

Shown in Fig. 5C is a lateral view (anteroposterior view shown in
fig. S14) x-ray radiograph of a BH aligned over the site of an osseo-
surface sensor. Routine radiographs locate the implant and relative
position needed for the BH with an average misalignment well with-
in the characterization shown in fig. S6.

Osseosurface electronics can measure deep tissue temperature
at millikelvin resolution, as shown by measurement of rocking
activity yielding elevated temperatures of the quadriceps femoris
in Fig. 5D, highlighting the sensing fidelity of this device class.
Wireless, high-fidelity bone strain capture in freely moving sub-
jects is demonstrated by rocking of the sheep implanted with the
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Fig. 5. Large animal studies. (A) Top: Diagram showing locations of implanted sensors (medial and lateral rear left tibia, lateral distal and proximal rear left femur) during
long-term large animal studies. Top and middle insets show placements of proximal/distal femoral and medial/lateral tibial osseosurface electronics, respectively. Bottom:
Placement of wearable over implant site for wireless data collection. (B) Photograph showing wearable on sheep tibia. (C) Lateral leg radiograph showing location of
wearable relative to implant on the medial surface of the tibia. (D) Temperature data collected during rocking session. High-resolution temperature sensor shows marked
temperature increase over 60-s duration. (E) Strain data collected from rocking sheep slowly over 3-s interval. Force plate data during this rocking is shown in blue.
(F) Graph of bone strain (top) collected from implanted osseosurface sensor via BH during normal gait. Points i to iv are indicated on graph and correlated to four points
during time lapse image of gait cycle (below). i, mid-stance; ii, lift-off; iii, mid-swing; iv, touch down.
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osseosurface implant. The resulting bone deformation is charac-
terized against a force plate and shown in Fig. 5E.

Implantation surgery has no impact on normal gait, which is il-
lustrated in Fig. 5F. Real-time bone strain is plotted above a compos-
ite image of extracted frames from a strain-gait correlation video,
movie S1. (isolated frames shown in fig. S15.) Four distinct points
during the gait cycle are marked on the strain plot and highlighted
in the compound image: (i) mid-stance, (ii) lift-off, (iii) mid-swing,
and (iv) touch down. At mid-stance (i), peak strain is experienced as
the sheep shifts its weight onto the tibia, and the contralateral limb
leaves the ground. The strain profile plateaus then eases as the ex-
perimental limb leaves the ground (ii), and the contralateral leg is in
mid-stance. This pattern is comparable to strain patterns in sheep
tibia previously reported using glued wired strain gauges (53). Ad-
ditional recordings longer than the 4 s shown here are included in
fig. S16, demonstrating continuous strain acquisition in vivo during
rocking and walking. The ability to capture changes in bone strain
profiles facilitates rapid quantification of intervention efficacy, and
this level of fidelity represents the most detailed strain characteriza-
tion in a freely moving large animal model to date.

Chronic monitoring of bone health and fracture recovery in
large animal models

Eleven-month-long experiments with six adult sheep demonstrate
chronic viability of the device ecosystem. The sheep are implanted
with osseosurface electronics on the femur and tibia. Figure 6A
(left) shows placement of device and use of resorbable sutures to
secure the biointerface during healing. Bone strain is mapped from
an axially oriented strain gauge over 4 months post implantation
(Fig. 6A, center). At 252 days post-implantation, necropsy is per-
formed, showing osteointegration with the device (Fig. 6A, right).
Fibrous capsule formation and local tissue disruption are minimal
(additional photographs shown in fig. S17, A and B), and histologi-
cal staining (fig. S17C) reveals fibrous tissue with blood vessels, fi-
broblasts, muscle cells, and a minimal number of inflammatory
cells, indicating excellent biocompatibility and no detectable inter-
ference with the normal wound healing process. Because of its flex-
ible substrate the device conforms readily to the curvature of the
bone with no meaningful effects on NFC communication nor power
transfer (see fig. S18).

In Fig. 6B, a fluorescent microscopy image shows active bone
formation near the site of strain gauge osteointegration at 93 days
post-implantation. Osteogenesis is assessed by administration of
calcein (54). Old bone and recently formed bone above the sur-
face of the strain gauge are visible in the fluorescent microscope
image. Osteointegration is also visible in SEM imaging (fig. S19),
demonstrating complete integration of the calcium phosphate ce-
ramic (CPC)-coated strain gauge into the underlying bone. This
further demonstrates the high biocompatibility of the osseosur-
face electronics material platform and the general class of flexible
implantable devices. Biocompatibility is further demonstrated by
osseosurface electronics’ robust operational stability over chronic
implantation, with no drift in operating frequency (fig. S20A) nor
loss of data rate (fig. S20B) despite environmental stresses and
bone overgrowth.

Figure 6C shows axial femur strain acquired during rocking of
a sheep at increasing number of days post-implantation. Peak-to-
peak strain diminishes over months, visible in the reduced magni-
tude of the femur strain profile at 118 days (27 pe) versus 48 days
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(418 pe). This arises from the increasing stiffness of the sensor as
osteointegration progresses and the distribution of strain across the
increased bone mass. Micro-computed tomography (uCT) analysis
(fig. S21) reveals no statistically significant changes in various me-
chanical and structural characteristics of bone, such as cortical bone
volume and the moment of inertia in the implantation site.

The accuracy of osseosurface electronics” strain detection is as-
sessed at 50 days post-implantation using ground reaction force
measurements from a force plate and simultaneous strain data from
osseosurface electronics (Fig. 6D). The results show high precision
and a clear, well-defined linear response of osseosurface electronics
in vivo many weeks after implantation.

To assess the impact of the osseosurface device on bone integrity,
explanted tibia bones are subject to three-point bending tests, and
results are shown in fig. $22. The data show no significant difference
(experimental: 133.1 + 32.22 kg/mm and intact: 135.5 + 18.02 kg/
mm) in whole bone stiffness between implanted and nonimplanted
tissues, indicating that osseosurface devices do not compromise
bone integrity over chronic time periods. These data combined
suggest that device may not need to be recovered and could be part
of standard care during complicated reconstruction of fractures
or trauma.

To demonstrate utility in a disease model, a sheep fracture
model experiment assesses strain as a biomarker for fracture heal-
ing. Mid-diaphyseal femoral fractures (shown Fig. 6E, left) are
induced in sheep, with osseosurface implants placed adjacent to
the fracture. Stainless-steel intramedullary rods provide structural
support, internal stability, and promote secondary fracture healing
through the course of the 12-week study, which is longer than the
reported bone healing time for sheep (55). Limited existing litera-
ture investigates fracture healing in vivo over extended periods
(56-61); however, current studies rely on indirect assessment and
examine deformation of bone hardware rather than bone itself. See
table S3 for a more detailed comparison with existing studies that
monitor strain in metallic hardware such as plates, fixators, and
prostheses.

Figure 6E radiographs show pronounced callus formation be-
tween weeks 4 and 6, which coincides with the beginning of weight
bearing and is in line with prior work (55, 62). The fracture gap is no
longer visible at week 10, with evidence of bone remodeling by week
12. High-resolution radiographs of the bone at week 12, including a
lateral view, are shown in fig. S23.

Starting week 5, after sufficient post-surgical recovery, peak-to-
peak strain during four-legged walking is recorded by osseosurface
electronics, shown Fig. 6F As noted in literature (29, 63), we mea-
sure elevated initial average peak-to-peak strains (82 and 85 pe by
weeks 5 and 6, respectively), which decrease with osseous callus for-
mation visible in radiographs. Strains reach a minimum (70.8 pe) by
week 10 and begin increasing during ossification of the callus. To
establish a ground truth for strain measurements, weekly assess-
ments of stiffness (see fig. $24) are performed. Resulting data are in
line with accepted literature (64, 65).

These results suggest that osseosurface electronics, which are
easily integrated into current fracture repair treatment, can provide
quantitative assessment. Here, we show a biomarker, the minimum
in strain recorded adjacent to a fracture, as a key indicator of bone
healing. Bone strains recorded over extended durations correlate
well with radiographic analysis, the gold standard for fracture heal-
ing assessment (66).
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Fig. 6. Chronic monitoring of bone health and fracture recovery in large animal models. (A) Photographic image of osseosurface sensor at initial implantation, tibial
bone strain data as recorded at 34- and 118-days post-implantation, and the sensor’s osteointegration at necropsy as recorded at 252 days post-implantation. (B) Fluores-
cent microscopy image showing osteogenesis at 93 days post-implantation. Calcein was administered 10 and 3 days before analysis to demonstrate ongoing bone forma-
tion. (C) Strain data extracted from single femur implant over chronic time period. (D) Strain sensing precision assessment using simultaneous osseosurface electronics
versus gold standard force plate measurements at 50 days post-implantation. (E) Biweekly anteroposterior-view radiographs of femoral fracture during recovery. White
arrows indicate edges of callus. (F) Plot showing weekly average peak-to-peak strain during four-legged walking on a treadmill. Data are shown as means + SD with value
above indicating number of steps analyzed each week. One-way analysis of variance (ANOVA) with multiple comparisons, **#P < 0.001 and **##P < 0.0001.

DISCUSSION
WBF implantable electronics enable data collection over long times-
cales, as they are not limited by battery lifetimes. Through WPT
methods, such as inductive coupling, enough power is provided for
implants to operate continuously with complex sensing and stimu-
lation modalities. However, the power casting devices are often
tethered or, when wearable, have large battery supplies (21, 22).
Therefore, to provide continuous monitoring, subjects are physically
constrained to the tethered reader or must constantly manage the
battery life of the wearable.

Here, we introduce a wireless, wearable biosymbiotic hub (BH) capable
of transferring power and exchanging data with WBF implantable
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devices over chronic durations. Far-field power harvesting enables
seamless wireless charging of the BH with no modification to daily
routines, and no interaction is required from the wearer (30-32).
The use of standardized RF communication protocols enables data
exchange and power transfer to any NFC-capable implant. Collect-
ing and relaying data using NFC and BLE maximizes compatibility
with existing infrastructure and improves ease of adoption. Experi-
ments showing uninterrupted implant readout and powering for
weeks highlight seamless operation of this system architecture. With
chronic animal studies, high-fidelity bone strain and temperature
characterization in vivo for over 11 months is demonstrated, high-
lighting the seamless acquisition of key markers of bone health.
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Mechanical testing and histological analyses show that osseosurface
electronics do not interfere with the wound healing process nor
compromise bone integrity, enabling implantation without follow-
up surgeries for device removal. Twelve-week-long large animal
fracture healing studies show clinical utility and a biomarker of frac-
ture healing and provide a framework for the application of osseo-
surface electronics in standard fracture care.

Combined, this system architecture offers unprecedented 24/7
access to bone health biomarkers using WBF implantable tech-
nologies while allowing patients to move freely and without
changes in routine or lifestyle. Autonomous operation allows for
uninterrupted data streams of high-fidelity bio signals, allowing
physicians to monitor patients remotely, shifting point-of-care
from hospitals to homes. In addition, this technology provides a
quantitative assessment of fracture healing, improving treatment
consistency and reducing healthcare costs when used in conjunc-
tion with gold standard radiographic assessment. This technologi-
cal platform serves as an important demonstration of continuous
operation of near-field enabled chronic implants that can trans-
form postoperative monitoring to enable digitally optimized diag-
nostics and therapeutics. As the theoretical lifetime of WBF thin
film implants continues to improve, with existing studies already
demonstrating months to years of survival in vivo (67, 68), this
platform holds substantial potential for applications beyond sim-
ple bone health and fracture recovery analysis. When used with
the wearable BH, this device platform enables bone-mounted
near-field capable devices to serve as multimodal sensors and ac-
tuators for drug delivery (69) and other therapeutics, facilitating
closed-loop autonomous interventions through seamlessly operat-
ing interfaces and achieving a critical step toward the digitally
connected body.

METHODS

Study design

This study was designed to evaluate the human translational capac-
ity of osseosurface electronics, assessing feasibility, long-term stabil-
ity, and practicality through long-term large animal experiments
with healthy adult sheep. The second objective was to develop a
method of continuous interfacing with WBF fully implantable de-
vices over chronic timescales in freely moving subjects. The final
objective was to demonstrate advantages of this device class by tar-
geting physiology, which is now impractical or impossible to assess
using traditional technologies.

The study comprised two experimental phases. In phase I, a
long-term observational study, devices were implanted in sheep and
monitored for 4 to 9 months per animal. This phase observed base-
line physiological data, monitored for any signs of infection, and
assessed long-term viability of implanted devices. In phase II, os-
seosurface electronics were used to assess bone healing by direct
measurement of bone, not bone hardware, in 12-week long in vivo
fracture studies. Randomization and blinding were not applied in
this study; all subjects received the same treatment, and data collec-
tion and processing were consistent across all subjects.

Sample size was not changed during the study. Data inclusion
criteria were established prospectively; only data that could be iden-
tified, correlated, and synchronized in video recordings were in-
cluded in analysis, and any data not meeting these criteria were
considered outliers and excluded. Data were collected from rocking
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and walking each sheep on a weekly basis. Variation in results was
anticipated due to physiological differences among subjects.

Wearable and implantable device fabrication

Wearable and implantable electronics were fabricated on a flexible
panel structure and sent for external manufacturing. The flexible
printed circuit board (PCB) stackup consists of a polyimide sub-
strate (25 pm) between two layers of electroless nickel immersion
gold (ENIG)-finished copper (18 pm per layer, 12-pm Cu + 6-pm
Au each). Additional polyimide layers (27.5 pm per layer) were used
on both sides as solder mask. Devices were depaneled using UV
(355 nm) laser ablation (LPKF, ProtoLaser U4) and cleaned via son-
ication (Vevor, TS391LT) in isopropanol (IPA). Surface mount com-
ponents were placed and reflowed manually with low-temperature
solder paste (Chip Quick, TS391LT).

The contacts of metal-foil strain gauges (Micro Measurements,
ED-DY-125BZ-10C/E) were cleaned with soldering flux (Kester,
959 T) and integrated into implantable devices using a soldering
iron and low temperature solder paste. After assembly, devices were
cleaned once more with IPA and components were then covered
with heat cure adhesive (Henkel, Loctite 3621) to secure solder
joints and reduce device surface irregularities. Devices were then
cured in an oven at 100°C for 10 min. Devices were then washed
once more with IPA in a cleanroom environment, treated with si-
lane (A174, Sigma-Aldrich), and encapsulated with two layers of
9-pm parylene-C using a parylene coating system (Parylene P6,
Diener electronic GmbH).

Wearable mesh fabrication
High-resolution three-dimensional (3D) scans of subject arms and
legs were collected using a handheld 3D scanner (Shining 3D,
EinScan Pro HD) and unfolded into 2D maps using open-source 3D
creation software (Blender Foundation, Blender). Flexible mesh
drawings referenced these 2D maps to ensure accurate wearable
device fit and placement. 2D mesh drawings were exported from
AutoCAD and imported into a 3D modeling software (Dassault
Systémes, Solidworks) for extrusion. Stereolithography (STL) files
were generated from the 3D model and imported into 3D slicing
software (Prusa3D, PrusaSlicer) to generate machine code for a
3D printer. A fusion deposition modeling printer (Creality, CR-10s)
was outfitted with a custom x-axis carriage that housed a direct
drive extruder (Creality, Sprite Extruder Pro), hotend, and automat-
ic bed leveling unit (Antclabs, BLTouch). A thermoplastic polyure-
thane (TPU) filament (NinjaTek, NinjaFlex) was printed at 30 mm/s
and 225°C with a bed temperature of 45°C. After printing, segment-
ed sections of the mesh structure were joined by melting TPU mate-
rial together at junctions to form the completed linear structures.
Wearable device electronics were fabricated in the same manner
as implantable device electronics, cleaned with IPA post-assembly,
and embedded into the 3D printed TPU mesh. After embedding,
the electronics were covered in a transparent, flexible, UV-curable
TPU resin (3DMaterials, SuperFlex) dyed white (Alumilite, Resin
Dye) to provide wear resistance and protect them from the external
environment. The resin-covered electronics were cured with a UV
lamp (24 W) for 15 min.

Effect of clothing on biosymbiotic hub data rate
A functional osseosurface implant was epidermally laminated to a
subject’s lateral brachium, over the deltoid. A serpentine-structured
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BH was slid up the arm and placed with the osseosurface implant
inside the NFC antenna. Starting with a short sleeve T-shirt, the
subject enabled the BH’s field over BLE and logged data received
from the laminated osseosurface implant for 20 s. The subject
changed into a long sleeve T-shirt and the data logging repeated.
The experiment was repeated with a conformal athletic shirt and
again with a loose-fitting sweatshirt.

Wearable biosymbiotic hub power consumption

A 30-mAh LiPo battery was connected in series with a transimped-
ance amplifier (LowPowerLab, CurrentRanger) to a BH device with
serpentine-structured NFC antenna. An osseosurface implant was
placed above the NFC antenna. The BH was powered on and au-
tonomously switched into low-power idle. Connection with the BH
was then made over BLE using a cell phone, and last, the reader field
was switched on. An oscilloscope (Siglent, SDS1202X-E) monitored
the voltage output from the transimpedance circuit.

Wearable power transfer and data rate through

tissue characterization

Two osseosurface implants were adhered to a sheep femur, one with
full functionality and all components populated and the other with
only power harvesting components to assess power transfer of the
BH through tissue. Increasing thicknesses of tissue phantom (por-
cine tissue) were placed above the osseosurface. A 217-ohm load
was connected to the power harvesting osseosurface implant, and
the voltage across the load was monitored using a multimeter
(AstroAl, AM33B). A BH with 18AWG wire-wound four-turn circular
coil antenna was placed above the functional osseosurface implant,
the hub’s electromagnetic field was switched on via BLE connection,
and data from the implant was collected by the BH and transmitted
over BLE to a logging computer for 20 s. The hub was switched off,
positioned above the power harvesting osseosurface implant, and
the hub’s field was re-enabled. The voltage from the multimeter
was recorded.

Wearable electromagnetic field output characterization

Two wearable BHs were adhered using Kapton tape to paper grids
with 1-cm gridlines. One BH used an 18AWG wire-wound four-
turn circular coil antenna, and the other used a planar serpentine-
structured flexPCB antenna. A characteristic osseosurface implant
antenna (osseosurface device with only matching capacitance and
power rectification circuitry) was attached to a 217-ohm load and
adhered to a microscope slide using Kapton tape. The center of the
osseosurface antenna was marked onto the microscope slide. The
position of the center of the osseosurface implant antenna was
moved to each 1-cm grid point within and around the BH antenna.
Voltage harvested by the osseosurface antenna was recorded using a
multimeter (AstroAl, AM33B). The antenna was raised 15 mm
using plastic spacers, and measurements were repeated at 15, 30,
and 45 mm.

Stretchability of biosymbiotic hub

A functional BH with serpentine-structured NFC antenna was as-
sembled with the TPU mesh laid flat. Both ends of the mesh were
clamped evenly into a purpose-designed stretching stage and slack
removed from the system such that the mesh was taut without
stretch. An osseosurface implant with only power harvesting com-
ponents was attached to a 217-ohm load. A multimeter (AstroAl,

Kasper et al., Sci. Adv. 11, eadt7488 (2025) 9 May 2025

AM33B) monitored the voltage across the load. The electromagnetic
field of the BH was enabled over BLE, and the voltage was measured
by the multimeter. The field was switched off, and the stretching
stage was set to induce a 10% strain across the length of the mesh.
The BH field was re-enabled, and harvested voltage was again mea-
sured. This was repeated at 20, 30, and 40% strain.

Wearable power transfer analysis with three antennas

Three flexPCB antennas with varying physical dimensions and
numbers of turns were tuned to 13.56 MHz and adhered to micro-
scope slides using Kapton tape. Using the same setup from the wear-
able electromagnetic field output characterization, the flexPCB
antennas were placed into the center of the BH with serpentine-
structured flexPCB antenna at 0-mm height. A variable load board
was connected to each antenna and a load sweep from 12 to
9800 ohm was performed, with voltages recorded by multimeter
(AstroAl, AM33B).

Human wearability experiments

Using 3D scans taken of a subject’s arm, a wearable BH with
serpentine-structured flexPCB antenna was assembled. A parylene-
encapsulated osseosurface device was epidermally laminated to the
wearer’s right arm, superficial to the deltoid using transparent med-
ical adhesive, which was replaced every few days as the adhesives
failed due to sweat, external forces, and skin turnover. When
powered, this osseosurface device incremented a two-byte integer
counter at 1-ms intervals, storing each value into an array. After in-
crementing 127 times (two-byte integer X 127 = 254 bytes total), the
device recorded ambient temperature data (two bytes) and trans-
ferred the array and temperature data onto the onboard NFC tag
(256-byte buffer) to be retrieved by the wearable BH.

The wearable device was slid up the arm, and the NFC antenna
was aligned over the laminated osseosurface device. The wearable
BH was powered on, where it autonomously entered a low-power
sleep mode with BLE remaining active. The subject was instructed
to wear the device continuously for a 2-week period and perform
regular daily activities. A logging device was connected to the wear-
able BH via BLE at regular intervals. Upon connection with the log-
ger, the wearable BH woke from low-power sleep, collected battery
voltage data, enabled the NFC reader field to power the epidermally
laminated osseosurface device, and aggregated data acquired via
NFC from the osseosurface device over a 20-s period. The data were
sent over BLE to the logging device, which then disconnected after
receiving all data recorded over the 20-s period. After disconnection
from the logger, the wearable BH disabled the NFC reader field and
returned to low power sleep mode.

A commercial 915-MHz power caster (Powercast, TX91501B)
was placed at the subject’s office desk. The wearable was recharged
during the work week, while the subject was at their desk. The wear-
able device was not recharged during the weekend (days 2, 3, 8, and
9), demonstrating the device’s ability to operate when consistent
charging is not reliable.

Stiffness of mesh structure versus commercial

smartwatch band

A commercial soft, silicone smartwatch band was clamped at
both ends into a custom, 3D printed stretching stage. The band was
clamped to set initial unstretched length to 100 mm. The stretching
stage used a 5 kg of load cell (Degraw, 050HX) and load cell amplifier
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(SparkFun, HX711) to measure bulk strain profiles during displace-
ment. The band was manually stretched to 10 and 20% displacement,
and load cell measurements were recorded at each displacement.
This process was repeated for a 3D printed biosymbiotic mesh with
a similar width and initial length.

Gold standard strain comparison, gain, and biasing

circuit validation

An intact femur was kept hydrated in phosphate-buffered saline
(PBS)-soaked gauze during the preparation of the experiments.
The bottom of the high precision 1 kilohm of metal-foil strain gauge
(Micro-Measurements, ED-DY-125BZ-10C/E) of an osseosurface
device was glued to the anterior diaphyseal surface of an intact sheep
femur using a cyanoacrylate-based adhesive (Micro-Measurements,
M-Bond 200). An additional, hard-wired, uniaxial strain gauge
(ED-DY-125BZ-10C/E, Micro-Measurements) was directly glued
on top of the osseosurface strain gauge. Great care was taken to
overlap the two sensing elements with the gauges in the axial direc-
tion of the femur. The rigid glue interface and any misalignment
would induce variability in sensor readings and contribute to error
estimation. The femoral condyles were potted in fixture using a low-
melting point alloy (Cerrobend, Scottsdale Tool, AZ). The bone was
loaded in cantilever bending using a servo-hydraulic MTS 810
(MTS Systems, Eden Prairie, MN). The bone was positioned so that
the loading pin was perpendicular the femoral head, applying ten-
sion to the anterior diaphyseal surface.

For gold standard hard-wired comparison, a ramp function was
applied at a load rate of 20 N/s to a peak load of 200 N. The force was
held for 10 s and then unloaded at —20 N/s. For gain and biasing
validation, a ramp function was applied at a load rate of 40 N/s to
a peak load of 200 N. The osseosurface implant gain was set to 200 V/V,
bias was adjusted to mid-ADC range, and the device was powered
via WPT from the 20-cm circular antenna used during long-term
large animal studies.

During loading, strain measurements were collected from both
the osseosurface device and the wired strain gauge. The loading pa-
rameters were repeated with the osseosurface device at 10, 100, and
200 gain. For biasing quantification, the bone was placed under the
same loading conditions at different biasing modalities.

This was repeated for digipot values, including values which
would induce signal clipping at maximum and minimum ADC val-
ues, demonstrating the ability to wirelessly adjust for surgically in-
duced prestrain. Bias adjustment units are digital values for setting
the 8-bit digital potentiometer. Given that we use a 5 kQ of 8-bit
digital potentiometer, a single value change up or down equates to a
potentiometer resistance change of approximately (5000 ohm/2® =)
19.5 ohm up or down, respectively.

Thermography versus gold standard thermocouple

An osseosurface implant was coated in 18-pm parylene-C using a
parylene coating system (Diener Electronic, Parylene P6) to water-
proof it. The waterproofed implant was placed into a glass jar of dis-
tilled water. The jar was placed onto a hotplate and heated to 44°C,
as measured by a commercial thermocouple. The hotplate was
switched off, and the water bath was allowed to cool. Readings from
the commercial thermocouple were recorded every minute. Ther-
mography data were retrieved every minute from the osseosurface
implant using a high-frequency (HF) long-range radio-frequency
identification (RFID) reader (Feig Electronic GmbH, ID LR2500).
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Animal studies

All animal studies were performed following an Institutional Animal
Care and Use Committee (IACUC) approved protocol. Six adult
sheep in total were used (three male and three female; weights, 49 to
81 kg) for long-term in vivo data collection. After device encapsula-
tion with 18-pum parylene-C, CPC particles were adhered to osseosur-
face implant strain gauges using ISO10993 biocompatibility-compliant
epoxy adhesive (Master Bond Polymer System, EP42HT-2Med). Im-
planted devices were sterilized using ethylene oxide. One day before
surgery, 1 pl of transforming growth factor-f (concentration of 0.3 pg/
pl) was placed directly on the CPC-coated strain gauge. Sheep
were anesthetized using Ketamine and isoflurane prior to surgery. An
8-cm incision was made over the lateral thigh of the left hindlimb. The
iliotibial band was incised, and the interval between the quadriceps
and hamstrings was developed to expose the lateral surface of the fe-
mur. Two devices were placed at the midpoint of the bone diaphysis,
spaced approximately 5-cm apart with strain gauges oriented axially
along the femur. The devices were secured in place using circumferen-
tially tied 2-0 Vicryl (Ethicon Inc., J269H). The incision was closed in
a layered fashion. Next, a 6-cm incision was made on the medial side
of the leg to expose the proximal left tibia. Subperiosteal dissection
was used to expose the lateral surfaces of the tibia. One device was
placed on the medial surface and one on the lateral surface of the tibia
with the strain gauges oriented axially. Gauges were secured using cir-
cumferencially tied 2-0 Vicryl before the incision was closed. For each
device, one suture was threaded through the tabs on either side to
minimize implant migration, and two sutures were used to secure the
strain gauge. After wound closure, device gain was set to 200X, and
device biasing was adjusted to center the baseline strain at half the
maximum ADC value. Data collection began approximately 3 weeks
post-implantation to allow for wound healing and osteointegration of
the strain gauges. Subcutaneous injections of calcein (C-0875, Sigma-
Aldrich) were administered 10 and 3 days before euthanasia at a dose
of 20 mg/kg for visualization of active bone growth near the osseosur-
face device interface.

Osseosurface device placement is shown in Fig. 5A. For 11-month
long large animal studies (data shown in Figs. 5, D to F and 6, A to
C, and figs. S13-S18, S20, S21, S24, and S25), devices were implanted
in all four locations. For 12-week long fracture recovery studies
(data shown in Fig. 6, E and E, and figs. S22 and S23), only the two
distal/proximal femoral placements were used.

Radiographs

In vivo radiographic images were taken using a Stalo ultra high-
definition x-ray acquisition station (Universal Imaging, Stalo Series
Canon). The station is equipped with a wireless detector (Canon,
CXDI-801C Wireless Detector) and a battery-powered portable x-ray
generator (Ecoray, Ultra 9020BT). X-ray images of sheep were taken
in the anterior-posterior and lateral-medial views using 84 kV,
and 2.5 mAs. Digital Imaging and Communications in Medicine
(DICOM) images were viewed and exported using the MicroDicom
software (MicroDicom Ltd.).

Long-term large animal model implant data collection

A HF long-range RFID reader (Feig Electronic GmbH, ID LR2500)
was connected to three-turn circular antenna with a diameter of
20 cm and adjustable antenna tuning circuit. The coil antenna was
embedded into a 3D printed polylactic acid (PLA) (OVERTURE,
1.75-mm PLA) housing to provide rigidity and maintain structural
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integrity. The tuning circuit was adjusted to match to 50 ohm at
13.56 MHz. Large animal subjects (sheep) were led onto a purpose-
built treadmill and a camera (1920 x 1080, 60 frames/s, iPhone 14
Pro Max) was placed sagittally to capture movement of all four
limbs. For gait recording experiments, the treadmill was activated,
and subjects were able to walk for 2 min at 2.6 km/hour for each
osseosurface device. For nongait strain recording sessions, the
treadmill was left off, and animals were gently rocked by re-
searchers at 0.5 Hz for 2-min intervals for each osseosurface de-
vice. During rocking, the experimental limb was on a force plate
(ATMI, AccuGait-Optimized). During data collection, the field
output power was set between 5.75 and 6.25 W, and the coil antenna
was placed against the subject over the implant site. Raw hex data
were collected from each implant via HF Reader control software
(Feig Electronic GmbH, ID ISOStart+ V11) scripts at approximately
84 Hz. The data were extracted and formatted using MATLAB.
Implant biasing and gain were adjusted as needed.

Implant biasing and gain adjustment during animal studies
The strain sensing circuit was implemented using a Wheatstone bridge
configuration, with two 1 kilohm of 0.1% resistors (Vishay/Dale,
TNPWO02011K00BEED) forming one half of the bridge, a 5 kilohm
of digital potentiometer (Microchip Technology, MCP4561) in parallel
with a 2.2 kilohm of 5% resistor and a high precision 1 kilohm of
metal-foil strain gauge (Micro Measurements, ED-DY-125BZ-10C/E)
forming the other half. To adjust biasing of the bridge, values stored
in the NFC tag are read upon boot by the microcontroller and
loaded into the digital potentiometer via I°C communication. For
gain adjustment of the output stage, the low-power, high-precision
instrumentation amplifier (Maxim Integrated, MAX41400) uses
two digital input pins to adjust gain. These pins are connected to
general purpose input-outputs (GPIOs) on the microcontroller,
which are set upon boot using values retrieved from the NFC tag.

The gain of individual implants was adjusted as necessary to
maintain significant strain signal amplitude without voltage clip-
ping. Wheatstone bridge biasing was adjusted to account for pre-
strain of the strain gauge introduced during surgical implantation
and subsequent wound healing process.

Wireless strain acquisition using biosymbiotic hub on freely
moving large animal model

Axial tibia strain data from an osseosurface implant was collected
over NFC by BH with circular coil NFC antenna, transmitted over
BLE to a logging device, and time-synchronized with a video of the
sheep walking (movie S1). Neural network analysis was used to plot
trajectories of the hoof, ankle, osseosurface implant/wearable, and
stifle, which are marked with blue, purple, orange, and yellow, re-
spectively.

Computed tomography

Bones were explanted and maintained in PBS-soaked gauze to pre-
vent dehydration. Bones were imaged using an Inveon uCT scanner
(Siemens, Malvern, PA) with an effective pixel size of 52.75 pm
(voltage: 80 kV; current: 500 pA; exposure, 200 ms). DICOM images
were analyzed using DragonFly version 2022.2 (Object Research
Systems) and BoneJ/Image]. Parameters measured in the implant
site included cortical bone volume (mm?), second moment of iner-
tia around the minor axis (Iy;,) (mm®), and the second moment of
inertia around the major axis (Ipax) (mm?).
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Histology and scanning electron microscopy

Following euthanasia, the soft tissue between the implant muscle
was carefully excised. The tissue was fixed in 10% neutral buffer for-
malin (NBF), embedded in paraffin block, cut in 5 -pm-thick sec-
tions, and stained using hematoxylin and eosin. Femurs and tibias
were cut proximal and distal to the implant location for hard tissue
histology and electron microscopy. Bones were left in a 10% NBF
solution for 24 hours followed by increasing solutions of ethanol
(70, 80, 90, 95, and 100%) for 24 hours each, in a xylene solution for
24 hours to defat the tissue and returned to 100% ethanol after.
Bones were embedded in polymethyl methacrylate (PMMA) using
the Polysciences PMMA kit (Polysciences Inc., Warrington, PA) and
mounted on a slide for cross sectional slicing with a diamond saw
(Bronwill Scientific, Rochester, NY). Slices included a transverse
and sagittal cuts for scanning electron microscopy (SEM) and his-
tology, respectively. Histology slides were ground to one to three cell
layers thick and stained using the Villanueva’s mineralized bone
stain (MIBS, Polysciences Inc., Warrington, PA.). Stained sections
were imaged in a Leica DMI6000 motorized inverted microscope
under brightfield and fluorescence imaging. The SEM PMMA em-
bedded samples were cut 3-cm thick and were polished for SEM
imaging. Samples were coated using a Hummer 6.3 gold sputter ma-
chine (Anatech, USA, Sparks, NV) and imaged using an Inpec-S
Scanning Electron Microscope (FEI Company, USA). Backscattered
electron (BSEM) images were taken at X440 magnification to ob-
serve strain gauge attachment to the bone.

Mechanical characterization of bone stiffness

Mechanical characterization of experimental bone stiffness was per-
formed using a servo-hydraulic MTS (MTS Systems Corporation,
Series 810). The experimental and contralateral intact bones were
explanted and cleaned of soft tissue. Tibias underwent a three-point
bending. A ramp function was applied with a load rate of 19.66 N/s
to peak load at 196.6 N. A load versus deformation plot was made,
and the slope of the linear portion was used to calculate the me-
chanical stiffness of the specimen.

Sheep model fracture healing experiments

All animal studies were performed following an IACUC-approved
protocol. Three adult sheep were used to study fracture healing, with
characteristic data shown in Fig. 6E and F. Implanted devices were
sterilized using ethylene oxide. Sheep were anesthetized using ket-
amine and isoflurane before surgery. An 8-cm incision was made
over the lateral thigh of the left hindlimb. The iliotibial band was
incised, and the interval between the quadriceps and hamstrings
was developed to expose the lateral surface of the femur. A mid-
diaphyseal osteotomy is created using a sagittal saw. Stainless-steel
Zimmer humeral intramedullary nails, 8 mm-diameter, were modi-
fied for use in ovine femoral defect model (70). The nail is inserted
into the femur in a retrograde fashion, and a surgical placement
guide is used to place an interlocking screw proximal and distal to
the osteotomy site to obtain axial and torsional stability. Osseosur-
face devices were placed at both sides of the osteotomy site with
strain gauges oriented axially along the femur. The devices were se-
cured in place using circumferentially tied 2-0 Vicryl. Transforming
growth factor-f was not used in fracture healing experiments. The
incision was closed in a layered fashion. Data collection began ap-
proximately 5 weeks post-implantation to allow for wound healing
and osteointegration of the strain gauges.
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In vivo bone stiffness assessment

Animals were gently rocked by researchers at 0.5 Hz for 2-min in-
tervals, while the experimental limb was on a force plate (ATMI,
AccuGait-Optimized). Great care was taken to verify that the ex-
perimental limb was perpendicular to the force plate and prevent
bending of the joint. Strain data was collected from osseosurface
electronics using the same setup as during 11-month-long large
animal experiments. Strain and force measurements were synchro-
nized using timestamped video recordings and used to calculate
stiffness. Bone stiffness was calculated using the linear slope of the
load (N) versus strain (pe) curve.

Statistical analysis

All statistical analyses were carried out in Graphpad Prism (v.10.2.3).
Weekly peak-to-peak strain and stiftness values were obtained from
walking and rocking sessions in the same day. An ordinary one-way
analysis of variance (ANOVA) was performed to compare values
across each week. All bar charts are shown as mean + SD with the
number of steps and peaks analyzed in the weekly walking and stiff-
ness data, respectively. Statistical significance is demonstrated as
*P < 0.05, #*P < 0.01, ¥**P < 0.001, and ****P < 0.0001.

Supplementary Materials
The PDF file includes:

Figs.S1to S24

Tables S1to S3

Legend for movie S1

Other Supplementary Material for this manuscript includes the following:
Movie S1
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