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ABSTRACT: Current diagnostic modalities, such as radiographs or computed tomography, exhibit limited ability to predict the outcome
of bone fracture healing. Failed fracture healing after orthopaedic surgical treatments are typically treated by secondary surgery;
however, the negative correlation of time between primary and secondary surgeries with resultant health outcome and medical cost
accumulation drives the need for improved diagnostic tools. This study describes the simultaneous use of multiple (n = 5) implantable
flexible substrate wireless microelectromechanical (fsBioMEMS) sensors adhered to an intramedullary nail (IMN) to quantify the
biomechanical environment along the length of fracture fixation hardware during simulated healing in ex vivo ovine tibiae. This study
further describes the development of an antenna array for interrogation of five fsBioMEMS sensors simultaneously, and quantifies the
ability of these sensors to transmit signal through overlaying soft tissues. The ex vivo data indicated significant differences associated
with sensor location on the IMN (p< 0.01) and fracture state (p< 0.01). These data indicate that the fsBioMEMS sensor can serve as a
tool to diagnose the current state of fracture healing, and further supports the use of the fsBioMEMS as a means to predict fracture
healing due to the known existence of latency between changes in fracture site material properties and radiographic changes. © 2019
Orthopaedic Research Society. Published by Wiley Periodicals, Inc. J Orthop Res 37:1873–1880, 2019

Keywords: microelectromechanical system (MEMS); fracture healing; biomechanics; ovine

During the normal reparative process of orthopaedic
fractures, the mechanical stability of the fracture site
increases as the injury progresses through the stages of
healing.1–8 It has been shown through the use of wired
strain gauges that bone and the healing callus support an
increasing fraction of external loads during the healing
process, while load fraction is temporally decreased in the
implanted surgical hardware.1,2 In the case of abnormal
healing, leading to delayed or non‐union, this temporal
load sharing profile is significantly altered.9 Reported
incidence rates of delayed and non‐union demonstrate
large variability,10–13 reaching values as high as 38%,13

and are dependent upon the location, severity, and
treatment method of the fracture.10,14–17 In spite of this,
it has been shown that implant stability and loading is
critically related to bony healing.1,3–6,18–20 Failed primary
operations are often revised via surgical intervention, with
the clinical result of these revision procedures being
negatively correlated with the time interval between the
first and second surgeries due to aggregation of fibrous
tissue within the fracture gap.21 Furthermore, prior
studies have suggested a substantial reduction in financial
burden when early intervention is implemented to prevent
delayed union,10,22 thus driving the need for early
diagnostic modalities with high sensing fidelity/resolution.

Early fracture healing observation remains a difficult
and qualitative process for clinicians,23–25 which has been
identified as an area necessitating diagnostic improve-
ment.14,26,27 Bone healing is typically monitored through
the usage of planar radiographic imaging or manual
manipulation of the fracture site. However, physical
manipulation is prone to subjective interpretation by
the clinician,28 and radiographs are prone to similar
analysis inaccuracies leading to high inter‐physician
variability.25–27 Additionally, early radiographic analysis
has shown limited success in predicting callus stiffness29

and likelihood of delayed and non‐unions.26,30
Radiographs are also limited as an early diagnostic tool
as they do not indicate healing until sufficient callus
calcification, 6–8 weeks post‐fracture,31 thus leading to a
50% probability of correctly predicting union stage.32

Quantified fracture stiffness, however, elucidates the
healing status as much as 2.5 weeks before this
information is revealed via radiographic analysis.8

There is a current lack of non‐invasive diagnostic
measures to determine callus strength, a metric which is
crucial in diagnosing the state of bone healing and the
patient’s ability to bear weight.8,26,33 Previous studies
have shown success in the use of sensors to telemetrically
quantify construct mechanical environment.34–40 Use of a
single wireless, biocompatible, microelectromechanical
system (BioMEMS) sensor has previously utilized the
bone‐implant load sharing principle to successfully detect
statistically significant differences in normal and delayed
healing in an ovine animal model as early as 21 days
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post‐fracture.9 This study demonstrated that by mon-
itoring hardware strain, via the BioMEMS sensor in an
area adjacent to the fracture site, it was possible to detect
the healing cascade pathway (i.e., union vs. nonunion) in
the critically important early healing time (i.e., prior to
radiographic evidence of union vs. nonunion).9 While the
BioMEMS sensor showed effectiveness as a single sensor
in orthopaedic plating applications, the rigid substrate of
this sensor restricts its clinical applicability to hardware
containing regions of flat surface geometry. Furthermore,
use of a single sensor limits this technology to providing
diagnostic information with regards to the load‐sharing
between the hardware and healing bone at a single
hardware location.

Intra‐implant strain on surgical nails and plates differ
by over 200%41,42; consequently, substantial variations in
the location of implant failure have been reported due to
stress rising features such as screw holes.43–45 Despite
the vast quantity of literature analyzing the relationships
between orthopaedic implant design and fracture healing,
there is a lack of definitive consensus on optimum
treatment techniques. Use of excessively stiff implants
leads to increased rates of non‐union, while excessively
compliant implants can result in hardware failure.46 This
suggests a potential for an optimum intermediate
implant design which could feasibly be patient specific.
A better understanding of implant temporal and geo-
metric strain profiles presents a potential tool to improve
orthopaedic hardware design; however, to our knowledge,
there is no current technology which allows for non‐
invasive in vivo measurements of implant strain at
multiple locations. Accordingly, it is theorized that in
vivo measurements of implant strain along the length of
orthopaedic implants (i.e., at multiple locations) could
have a significant impact on fracture fixation hardware
design to substantially improve clinical outcome. To
address this need, and the current limitations of the
BioMEMS sensor, we have developed an antenna array
and a flexible substrate BioMEMS (fsBioMEMS) sensor
which allows multiple telemetric sensors to be applied
along contoured surfaces of orthopaedic hardware, such
as intramedullary nails (IMN) and fracture fixation
plates, to simultaneously determine the mechanical
environment at multiple discrete locations.

METHODS
A series of increasingly complex in vitro experiments were
conducted to characterize a fsBioMEMS sensor‐IMN con-
struct. The goal of these experiments was to determine the
implant’s sensing resolution, effects of soft tissue attenuation,
and the sensors’ ability to withstand a simulated in vivo
environment, with the ultimate experiment simulating a
fracture healing scenario in an ovine hind limb.

fsBioMEMS Fabrication
Our group has performed a series of experimental and
analytical investigations of increasing complexity upon
MEMS‐based telemetric measurements of local fracture
mechanics by observing shifts in the sensor’s resonance

response frequency (RRF) using computational models, pro-
totype fabrication, ex vivo simulations, and in vivo animal
models.9,34–40 The current system is composed of a multi‐
sensor fsBioMEMS sensor‐implant construct and an external
excitation/receiving apparatus consisting of a multi‐antenna
array and a network analyzer (Fig. 1). The multi‐antenna
array is designed with five evenly spaced antennae, allowing
for simultaneous excitation/receiving of RRF signals from five
independent fsBioMEMS sensors. Each antenna emits an
electromagnetic wave with a unique frequency inducing a
differential current and associated resonance within each
fsBioMEMS sensor. The particular resonance within each
sensor is dependent upon its architectural features. Deforma-
tion of the sensor’s split ring architecture, due to physical
loading, induces changes to the sensor’s capacitance.38

Changes in capacitance resulting from external loading
produces a shift to the sensor’s spectral RRF. The sensor
architecture is designed to ensure that the RRF shifts linearly
with the sensor’s principal strain.38

The sensors are fabricated with standardMEMS fabrication
methods utilizing a polyimide tape substrate (Kapton HN;
DuPont, Wilmington, DE), gold metal layering, and a Si3N4

dielectric layer.34,35 These materials were selected to ensure
enhanced sensor performance, while maintaining the requisite
biocompatibility.9 The sensor dimension is a square with 8‐mm
sides and 0.8‐mm thickness (Fig. 1). Sensor and antenna
architectures were designed such that each of the five antenna‐
sensor combinations yield deep and sharp dips in the spectral
RRF at sub‐GHz frequencies, as described in the proceeding
section. The specific fabrication details for the MEMS archi-
tecture can be found in previous studies by McGilvray et al.9

and Melik et al.36 The only fundamental change within the
BioMEMS fabrication process previously described was to
replace the rigid silicon substrate with a flexible polyimide
substrate.

To create the fsBioMEMS sensor‐IMN construct used
within this study, five fsBioMEMS sensors were rigidly
attached to an 8‐mm diameter by 197mm length IMN
(Biomedtrics I‐Loc IM Fixator, Whippany, NJ) at evenly spaced
distances of 40.64mm (based upon the placement of sensor 3 at
the IMN mid‐span) using cyanoacrylate (Locktite, Düsseldorf,
Germany) before coating with layers of two‐part high tensile
strength epoxy (2 Ton Clear Epoxy; Devcon, Danvers, MA) and
medical‐grade polyurethane (Master Bond, Inc., Hacken-
sack, NJ).

Antenna Array
The use of a multiple antenna array, as opposed to utilizing
multiple sensors with varied architecture, has a number of
advantages: (i) elimination of the need to trace the implant
location of each specific sensor architecture, (ii) utilization of
identical sensors, from the same batch, reduces fabrication‐
induced discrepancies between sensors, (iii) system redesigns
can be implemented to the antennae, thus allowing for
continued improvements after in vivo sensor implantation.
The multi‐antenna array was designed to reduce data collection
time, minimize cross‐talk between sensor‐antenna pairs, and to
concurrently evaluate all sensors. This is achieved through
parallel antenna connection to a two port network analyzer
which simultaneously collects the ratio of reflected signal to
input signal (reflection coefficient) at each network port (S11 and
S22 parameter data).

Computational simulations were performed to determine
prospective antennae designs which were then selected for
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prototype fabrication (Fig. 2). Benchtop collection of the
prototype antennae’s RRF data (S11 parameter frequency
and gain) was performed to determine the operating spectral
ranges and quality factors (Q‐factor) of the antennae.

Utilization of unique architecture resulted in three feasible
antenna designs for prototype analysis. The resulting RRF
spectra of these antennae, when coupled to fsBioMEMS
sensors, produced discrete, non‐overlapping RF spectra (Fig.
3). The Q‐factor associated with the antennae demonstrated
Q‐factor values of 71, 35, and 25 for the v2_f1, v2_f2, and
v2_f3 antenna designs; respectively. Parallel deployment of
these three architectures while recording two network ports
(S11 and S22) allows for simultaneous data collection from up
to six fsBioMEMS sensors.

Despite each antenna array being designed to contain
unique and discrete resonance frequencies, the possibility
existed for individual antenna to be effected by multiple
sensors; thus, experiments were performed to quantify
the relationship between sensor spacing and sensor cross‐
talk. A sensor was aligned beneath a single antenna while
RRF data were collected as a second sensor was moved
discrete unidirectional distances from the first sensor

(minimum and maximum sensor spacing distances of 10
and 40 mm, respectively). The findings from these experi-
ments were used to produce an antenna array with
minimized sensor cross‐talk (data given in Supplementary
Information).

Tissue Attenuation
In order to ensure in vivo feasibility of the sensor‐IMN
construct, parametric studies were performed to investigate
the effect of soft tissue thickness and/or composition on RRF
measurements from the fsBioMEMS sensors.9 A sensor‐
IMN construct was placed in a custom loading fixture which
allowed for IMN rod bending and unidirectional movement
of the antenna array relative to the construct (Fig. 4).
Bending was induced (1–4 N‐m in 1 N‐m increments, n = 5
loading cycles per data collection period) by the addition of
weights to the cantilever arm while RRF changes in
each sensor were measured by the antenna array and
network analyzer (R&S ZVB4; Rhode & Schwarz, Munich,
Germany). The bending moment was measured with a
6 degree‐of‐freedom (DOF) load cell (AMTI MC3A‐100;
AMTI, Watertown, MA). The distance between the antenna
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Figure 1. Macro and scanning electron
microscopy digital images of a single flexible
substrate wireless microelectromechanical
(fsBioMEMS) sensor, digital image of the
sensor‐intramedullary nail (IMN) construct
containing five evenly space fsBioMEMS
sensors, and a digital image of the five
antenna array used for measuring resonant
radio frequency (RRF) of the fsBioMEMS
sensors. [Color figure can be viewed at
wileyonlinelibrary.com]
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and IMN‐construct was progressively increased as the
intervening space was filled with a homogenous composi-
tion of cadaveric ovine tissue; this was repeated for multiple
tissue types (i.e., muscle, fat, or skin). Tissues for this
experiment were collected from unrelated studies. Soft
tissue thickness was increased until signal strength was
determined to be fully attenuated, as indicated when the
average total sensor RRF shift magnitudes diminished to
approximately 15% of their initial values (relative to the
smallest tissue thickness).

fsBioMEMS Sensor Temporal Sensitivity
To simulate the temporal shift of callus tissue stiffness during
normal healing, an ex vivo ovine osteotomy model stabilized
by locking IMN was performed.9 Cadaveric tibae from ovine
hind limbs, euthanized for unrelated studies (n = 9 hin-
dlimbs), were dissected to remove soft tissue and then fixed
with a five sensor‐IMN construct. All tibiae were tested using
the same sensor‐IMN composite to eliminate effects due to
differences in sensor placement. Mechanical testing for all
tibiae was repeated at three osteotomy states. The

JOURNAL OF ORTHOPAEDIC RESEARCH® SEPTEMBER 2019

Figure 2. Schematic of the antennae designed to produce non‐overlapping response frequency (RF) responses. [Color figure can be
viewed at wileyonlinelibrary.com]

Figure 3. Resonance response frequency (RRF) responses measured for the original and prototype antenna designs. [Color figure can
be viewed at wileyonlinelibrary.com]
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osteotomies were produced by a bone saw cut to reduce
cortical bone thickness by half or full thickness near the
height of the middle sensor ipsilateral to the bending‐induced
compression (i.e., opposite the antenna and sensors). In this

way, the tibia construct was tested at fully intact, half
osteotomy, and full osteotomy states (Fig. 5B).

The ends of each limb were potted in two‐part hard cast
resin (SmoothCast 321; Smooth‐On, Macungie, PA) to ensure
proper mechanical fixation. A servo‐hydraulic testing system
(858 MiniBionix; MTS Systems Corp., Eden Prairie, MN) was
used to apply compressive loads (100–700N in 100N incre-
ments; n = 5 cyclic tests per sample per fracture state) to the
potted construct while measuring the RRF spectrum of each
sensor using the antenna array and network analyzer (Fig. 5).
The testing set‐up was designed to apply combined compres-
sion and bending loading, while further allowing for consistent
placement of the antenna array relative to the tibia across all
fracture states. Sensor sensitivity was calculated as the mean
slope of a linear fit trend line to each cycle’s load‐RRF data.

Statistical Analyses
All data were analyzed for normality before statistical differences
were determined using a one‐way analysis of variance (ANOVA).
When statistical differences between groups were indicated by
the ANOVA, specific statistical significances were determined by
a post hoc Tukey test (Minitab, State College, PA). Non‐normally
distributed data was evaluated for statistical significance using a
Kruskal–Wallis test and post hoc Dunn’s test. p< 0.05 was
considered statistically significant.

RESULTS
Tissue Attenuation
Signal attenuation experiments demonstrated that
RRF signal changes could be measured through as
much as 90mm of muscle, 50mm of fat, or 30mm of
skin. Measurements of signal through an unobstructed
air gap established a loss of measurable RRF signal
change after 10mm (Fig. 6).
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Figure 4. Custom cantilever fixture applying bending moments
to a flexible substrate wireless microelectromechanical (fsBio-
MEMS) sensor‐intramedullary nail (IMN) construct while a five
antenna array measures the sensors’ resonance response fre-
quency (RRF). The fixture design allows for consistent placement
of the sensor‐IMN construct, relative to the antenna array, during
tissue attenuation analysis. [Color figure can be viewed at
wileyonlinelibrary.com]

Figure 5. (A) Dissected ovine tibia, fixed via flexible substrate wireless microelectromechanical (fsBioMEMS) sensor‐intramedullary
nail (IMN) construct, undergoing complex loading (compression and bending) while a five antenna array measures the resonance
response frequency (RRF) of the five fsBioMEMS sensors. (B) Radiographs demonstrating the five fsBioMEMS sensor locations and
osteotomy states used to simulate the temporally increasing bone stiffness of a healing fracture: fully intact, half osteotomy, full
osteotomy (from left to right). [Color figure can be viewed at wileyonlinelibrary.com]
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fsBioMEMS Sensor Temporal Sensitivity
An ex vivo ovine tibia fracture model, surgically
stabilized by sensor‐IMN constructs, indicated it was
possible to correlate changes in sensor RRF response to
construct loading under compression‐bending complex
loads. When grouping all samples, the average sensor
sensitivities decreased as the amount of bone at the
osteotomy site increased, with the exception of sensor 5
from the full osteotomy to half osteotomy models which
increased from 81.5 to 83.5 Hz/N, an increase of 2.4%
(Fig. 7A). For sensors 1–4, the sensitivities from the full
osteotomy to half osteotomy states decreased by 44.8%,
35.4%, 34.4%, and 50.8%; respectively (Fig. 7A).
Similarly, sensitivities from half osteotomy to fully
intact states decreased by 36.3%, 32.5%, 39.5%, 45.7%,
and 25.0% for sensors 1–5, respectively (Fig. 7A).

An ANOVA statistical test (α = 0.05) of the compiled
sample averages, indicated statistically significant
differences associated with sensor location (p = 0.001)
and fracture state (p = 0.004). Tukey pairwise compar-
isons (α = 0.05) specified the average sensitivity of
sensor 1 as significantly different than sensors 3, 4,
and 5 (p = 0.034, p = 0.001, and p = 0.017, respectively),
while the full osteotomy state showed statistically
significant differences from the half osteotomy and
intact states (p = 0.044 and p = 0.004, respectively).
The large variability in grouped sensor sensitivities
(Fig. 7A) was not indicative of the sensitivities observed
within single samples (Fig. 7B).

DISCUSSION
A multi‐antenna array was developed which produces
antenna‐sensor pair RRF responses in discrete, non‐
overlapping spectral ranges. By utilizing parallel antenna

connectivity, and simultaneous measurement of S11 (from
sensors 1, 3, and 5) and S22 (from sensors 2 and 4) data,
this array allowed for concurrent measurement of RRF
behavior of five antenna‐sensor pairs. In addition to
increasing the number of fsBioMEMS sensors which can
be placed on a single implant, this measurement technique
has the auxiliary benefit of reducing the data collection
period by 50% without reduction of resolution. The spectra
of the new antenna design feature substantially increased
Q‐factors (relative to the original antenna design) thus
allowing for data noise reduction. Enhanced Q‐factors are
the result of deep and sharp RRF peaks, which has the
added benefit of decreasing the total frequency range
which must be analyzed for a five‐sensor construct.
Reducing this range decreases the burden on the network
analyzer, enabling further increased data acquisition times
which more closely approach real‐time measurement.
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Figure 6. Comparison of the effects of intervening ovine
cadaveric tissue type and thickness on sensor sensitivity. Sensor
sensitivity through 30mm of skin differed significantly from
10mm (p = 0.002) and 20mm of skin (p = 0.028). Within fat,
sensitivity at 10‐mm thickness was significantly different from
40mm (p = 0.001) and 50mm (p< 0.001), and 20‐mm thickness
exhibited significantly higher sensitivity than 50mm (p = 0.001).
Sensitivity through 10mm of muscle differed significantly from
70mm (p = 0.015) and 90mm of muscle (p = 0.009). [Color figure
can be viewed at wileyonlinelibrary.com]

Figure 7. (A) Average compiled (n = 9) sensor sensitivities for a
five flexible substrate wireless microelectromechanical (fsBio-
MEMS) sensor‐intramedullary nail (IMN) construct during ex
vivo simulated bone healing of ovine tibia. The sensors are
numbered from proximal (S1) to distal (S5), with S3 located at the
IMN mid‐span. Based upon an analysis of variance (ANOVA) with
Tukey’s pairwise comparisons (α = 0.05), the full osteotomy state
differs significantly from the half osteotomy and intact states
(p = 0.044 and p = 0.004, respectively) and the mean sensitivity of
sensor 1 differs significantly from sensors 3, 4, and 5 (p = 0.034,
p = 0.001, and p = 0.017, respectively). (B) Average sensor sensi-
tivities for a single ovine tibia (n = 5 cycles per fracture state).

1878 WOLYNSKI ET AL.



Analysis of cross‐talk indicated deleterious effects
induced by the presence of multiple sensors within close
proximity to a single antenna. These effects diminished
considerably once the second sensor was displaced
outside of the projection area of a given antenna.
Cross‐talk was further observed between two adjacent
antennae. Once again, effects were greatest while the
antennae projection areas overlapped. Cross‐talk effects
appeared to be exacerbated in instances of the antennae
having similar operating frequencies. The results of this
analysis were utilized to develop an antenna array
which focused upon the geometric and spectral relation-
ship between adjacent antenna, with specific regards to
eliminating overlap in the projection areas and max-
imizing the difference in operating frequencies.

Sensor repeatability and tissue attenuation data
indicated plausibility in the ability to measure RRF
spectra of the sensor‐IMN construct in vivo; however,
the performance of this diagnostic measure could
foreseeably vary among certain patients where exces-
sive amounts of tissue intervene between the skin and
implant. Tissue attenuation data further highlighted
the importance of close proximity between the tissue
and antenna during data acquisition due to the high
degree of signal attenuation within air.

Measurements from the present study suggest a
decrease in load share experienced by implant hardware
as fracture stiffness increases. Previous studies have
exhibited similar trends through a variety of testing
methods including the use of wired external fixators in
humans7 and sheep,2 wired strain gauges on fixation
plates in sheep,1 and telemetric assessment of femoral
IMNs in humans.47 These findings are further sup-
ported by a previous study by our group, through the use
of a single BioMEMS sensor on fixation plates in sheep,
which found decreasing implant strain throughout the
healing process. Differences in healing types were
detectable with this method during early phases of
healing.9 The data of the present study advocate that
multi‐sensor fsBioMEMS constructs contain the same
diagnostic abilities, with the addition of applicability
towards contoured implants at multiple locations.

Current clinical early diagnostic tools are limited
in their ability to predict the course of fracture
healing.26–30,32,33 Healing is typically monitored through
the use of temporal radiographs after surgical interven-
tion. However, radiographic imaging suffers from a
number of disadvantages, including limited fidelity and
patient exposure to ionizing radiation.33 When interpreted
by experienced clinicians, there is a great deal of inter‐
observer variability in estimating the progress of
healing.25–27 Furthermore, early radiographs have demon-
strated an inadequate ability to properly predict the
course of healing.26,29,30,32 Previous studies have aimed to
decrease the subjectivity of this diagnostic modality
through the use of scoring methods48 and automated
image processing algorithms,49 but these neglect to
address the low temporal fidelity of radiographs. Prior
studies have established the appearance of calcified tissue

(during secondary bone formation) to present radiogra-
phically several weeks after healing is indicated by
quantifiable changes in the temporal mechanical proper-
ties of the periosteal callus.8,47 Moreover, radiographic
imaging presents little temporal changes in the case of
primary bone healing, where healing is slow and no
periosteal callus is formed.14 The need for quantification
of the mechanical environment of the fracture implant is
motivated by increased temporal fidelity (relative to
standard imaging modalities) and the associated depen-
dency between implant loading and fracture healing.1,5

The use of fsBioMEMS sensors present clinical
potential due to a number of advantageous features,
including: their small and flexible nature which allows for
efficacious placement on orthopaedic hardware, inductive
power allowing for long‐term use without the need for
power source implantation, and wireless transmission
allowing for non‐invasive measurements. An added
benefit is derived through the use of sensors on multiple
locations of orthopaedic implants. Improvements to the
sensing technology to obviate differences in inter‐sensor
measurement sensitivities would allow for direct compar-
ison of strain at several locations, thus creating a
temporal strain profile along the length of the implant.
These data could be leveraged as a development tool for
the creation of orthopaedic hardware in order to optimize
the mechanical environment for bone healing.
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