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ABSTRACT: Diagnostic monitoring and prediction of bone fracture healing is critical for the detection of delayed union or non-union and
provides the requisite information as to whether therapeutic intervention or timely revision are warranted. A promising approach to
monitor fracture healing is to measure the mechanical load-sharing between the healing callus and the implanted hardware used for
internal ﬁxation. The objectives of this study were to evaluate a non-invasive measurement system in which an antenna
electromagnetically couples with the implanted hardware to sense deﬂections of the hardware due to an applied load and to investigate
the efﬁcacy of the system to detect changes in mechanical load-sharing in an ex vivo fracture healing model. The measurement system
was applied to ovine metatarsal bones treated with osteotomies, resulting in four different levels of bone stability which simulated various
degrees of fracture healing. Computational ﬁnite element simulations supplemented these ex vivo experiments to compare the osteotomy
model of fracture healing to a more clinically applicable callus stiffening model of healing. In the ex vivo experiments, the electromagnetic
coupling system detected signiﬁcant differences between the four simulated degrees of healing with good repeatability. Computational
simulations indicated that the experimental model of fracture healing provided a good surrogate for studying healing during the early
time period as the callus stiffness is increasing as well as when diagnostic monitoring of the healing process is most critical. Based upon
the data reported herein, the direct electromagnetic coupling method holds strong potential for clinical assessments and predictions of
fracture healing. ß 2019 Orthopaedic Research Society. Published by Wiley Periodicals, Inc. J Orthop Res 37:1164–1171, 2019.
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Orthopaedic extremity injuries present a large medical
and ﬁnancial burden to both the United States and
worldwide communities. Approximately 7.9 million
bone fractures are reported per annum in the United
States, and about 10% of these fractures do not heal
properly.1 For injuries that involve a signiﬁcant disturbance to the vascular supply, the rates of delayed
union or non-union have been reported to be as high
as 46%.2 The most common complication is bony nonunion, a chronic condition associated with pain and
disability. It has been estimated that these deleterious
effects and resultant costs can be reduced by at least
50% if complications associated with the non-union
can be avoided or addressed during the early time
period.3
Currently, clinicians usually monitor healing visually, using radiographs, and may examine the mechanical condition of the union via manually bending the
bone at the fracture.4,5 Unfortunately, the course of
delayed or non-union fracture healing is not easily
diagnosed in the early time period when standard
radiographic information of the fracture site is not
capable of discriminating the healing pathway due to
the relative paucity of mineralized tissue.6 Therefore,
new technologies that provide diagnostic information
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as to the course of bone healing within the ﬁrst four
post-operative weeks may provide a signiﬁcant impact
on clinical orthopaedic practice and treatment of
problematic fractures.
Complicated long bone fractures are usually treated
with internal ﬁxation devices, most commonly with
screws and plates or intramedullary nails. It has been
shown in clinical practice and via animal models that
healing is critically related to the degree of fracture
stability and implant load-sharing in the early time
period.2,7,8 Animal studies using wired strain gages
have demonstrated that the healing callus and bone
assume an increasing proportion of the load as fracture healing proceeds, reducing the burden on the
implanted hardware.9 If the healing is on course
toward delayed union or non-union, this gradual
transfer of the loading burden is altered or nonexistent; i.e., the healing tissue cannot assume its
normal share of the load because it does not have the
structural or material capacity to do so.
To date, many of the technologies that seek to
exploit this bone-implant load sharing phenomena
have been considered too large in dimension or involve
implantation of an associated power supply. Previous
investigations have been successful in determining
forces in the hip,10–12 spine,13–15 and shoulder.16
However, due to the relatively large size of the sensors
and associated hardware (signal conditioning, modulation, etc.), most of the aforementioned telemetry
systems have been implanted inside of joint replacement components or bulky internal ﬁxators.17 The
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result is that these devices have produced data that
has developed our temporal understanding of boneimplant loading,18 but, to date, have not been advantageous for large-scale implementation as a diagnostic
and/or prognostic tool.
In order to overcome these aforementioned shortcomings, our group has developed a telemetry system
that utilizes a biocompatible, micro-electro-mechanical
system (bioMEMS) strain sensor, coupled with an
external antenna.19,20 The sensor is attached to the
internal hardware device used to ﬁx the fracture, and
as the hardware is mechanically loaded, the sensor is
deformed, changing the resonance of the coupled
external antenna. We have used this system to report
the temporal in vivo load-sharing of a ﬁxation plate in
a large animal model and conclusively shown that
these data can be used to predict the fracture’s healing
cascade.21 For fractures treated with external ﬁxation,
it has been proposed to utilize the implanted pins
themselves as antennas to monitor fracture healing.22
Whereas this approach detects changes in the electromagnetic properties of the tissue in the fracture space
throughout healing, our group’s approach uses external antennas to detect changes in the mechanical
stability of the fracture.
Recent advancements have demonstrated the ability for an external antenna to directly couple with the
ﬁxation hardware already used (“direct electromagnetic coupling,” DEC), eliminating the need for an
implantable sensor to measure hardware deformations.23 Whereas the bioMEMs sensor method uses
deformation of the sensor circuit itself to detect
changes in the resonant frequency, the DEC technique
detects changes in distance between the hardware and
the external antenna as the hardware is deformed
(i.e., bending) under an applied load. Deﬂections of the
hardware shift the resonant frequency of the antenna
through electromagnetic near ﬁeld effects. The theoretical foundations of this measurement technique
have been recently demonstrated.23 However, the
ﬁdelity of the DEC technique as it relates to monitoring fracture healing has not been previously examined.
Accordingly, the objective of the current study was to
investigate the efﬁcacy of the DEC method for measuring changes in fracture stability associated with healing using both cadaveric experimental and
computational methods.

METHODS
Direct Electromagnetic Coupling System
This investigation involved a series of physical experiment
and associated simulations that were intended to determine
the efﬁcacy of the DEC method for predicting bone fracture
healing. The DEC system consisted of a vector network
analyzer (model: TTR503A, Tektronix, Beaverton, OR) used
to create an excitation in a radio frequency antenna and
measure the response of the |S11| parameter, deﬁned as the
ratio in dB of power reﬂected by the antenna to the power
supplied to generate the initial signal. A target object in the
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vicinity couples with the antenna and alters the electromagnetic near ﬁeld, thus shifting the Apparent Resonant Frequency (ARF) as determined from the measured |S11|
parameter.23 The ARF was deﬁned as the frequency at which
the |S11| sweep reaches a local minima in the response
magnitude (dB). Therefore, the ARF represents the frequency at which the antenna is most efﬁciently radiating
energy. The antenna used in the current investigation was
optimized in a prior study and consisted of two parallel
coaxial cables, each helically coiled in three loops.23 This
antenna exhibited a coupled ARF ranging from 395 to
440 MHz.
Modeled Fracture Healing Experiments
A series of cadaver experiments involved applying the DEC
system to a large animal fracture ﬁxation scenario. Our
group has extensive in vitro and in vivo experience with this
model, and it is well characterized for investigating fracture
ﬁxation and healing applications.21,24–26
A six-hole locking plate (P04028, Synthes, West Chester,
PA) was instrumented with a wired strain gage rosette
(MMF313001, Micro Measurements, Raleigh, NC) and
fastened to metatarsal bones (n ¼ 7) harvested from adult
sheep hind limbs (sacriﬁced for unrelated studies). Because
the tissue in the vicinity of the plate can affect the signal
received by the antenna, no soft tissue was removed from
the metatarsals, and the incision in the cutaneous tissue
was closed via suturing after placement of the fracture
plate. Each plated metatarsus was tested in compression
under four variants which mechanically simulated different
phases of fracture healing: Intact, 1-Cortical Osteotomy
(1CO), 1.5-Cortical Osteotomy (1.5CO), and 2-Cortical
Osteotomy (2CO). Specimens were ﬁrst tested in a healthy,
intact case to simulate a fully healed scenario. A saw blade
was then used to create an osteotomy through one cortical
surface by approaching from the contralateral cortical
surface in order to simulate a relatively later stage of
healing and higher stability (1CO). For the next treatment,
the same saw blade osteotomy was further advanced
partially through the cortical surface adjacent to the plate
in order to simulate an earlier stage of healing (1.5CO),
and hence, less stability. Finally, a full osteotomy was
performed through both cortical surfaces simulating a
complete fracture (i.e., immediately post-operative) in
which the plate bears the entire load on the construct
(2CO). Radiographs were used to guide and conﬁrm the
extent of each osteotomy defect (Fig. 1b).
The proximal and distal bones adjacent to the metatarsals
on either end (tibia and phalanges, respectively) were ﬁxed,
and the construct was mounted on a servo-hydraulic testing
machine (Bionix, MTS, Eden Prairie, MN; Fig. 1a). The
antenna was attached to the construct using elastic straps.
The bone-plate constructs were mechanically loaded in
compression at a quasi-static rate from 0 to 500 N for ﬁve
cycles. Similar loads were applied in a previous ovine in vivo
model with no adverse effects on osseous healing.21 Forces
and moments were measured using a six degree-of-freedom
load cell (MC3A-1 K, AMTI, Waterton, MA) while simultaneously measuring principal strain from the wired strain
gage and ARF from the antenna. Because the signal from the
antenna is sensitive to the antenna’s placement, it was
desirable to quantify the intra-subject repeatability of the
wireless measurement system. Therefore, for each treatment
of each specimen, the test was conducted with ﬁve repeti-
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Figure 1. (a) Setup of the fracture ﬁxation experiment with the antenna afﬁxed to a metatarsal in the compressive testing frame. (b)
Radiographs demonstrating the four osteotomy variants: Intact, 1 cortical osteotomy (1CO), 1.5 cortical osteotomy (1.5CO), and 2
cortical osteotomy (2CO). (c) |S11| sweep at multiple loads of an example specimen with a 2CO treatment.

tions. Between each repetition, the antenna was removed
from the plate-bone construct and subsequently reattached.
It was of particular interest to determine the effects of the
four treatments on the signal for each specimen individually
in addition to analyzing the average response in order to
account for the inherent inter-population variability that is
encountered in both animal specimens and human patient
populations. Therefore, the ARF/load, strain/load, and ARF/
strain slopes were compared between the four treatments for
each specimen individually, based on the ﬁve repetitions of
each test. Statistical analyses were performed via two-way
ANOVA with Student-Newman-Keuls post-hoc tests, with
statistical signiﬁcance set at p < 0.05.
Finite Element Simulations
A ﬁnite element simulation of the bone-plate experiment
described above was developed. The ﬁnite element model was
adapted from a validated ovine hind limb model previously
published by our group.24 The original model was recreated
from computed tomography (CT) image data using AMIRA
visualization software (version 5.0, VSG, Burlington, MA).
The plate geometry was developed in SolidWorks to match
dimensions of the plates used in the aforementioned experiments. The six locking screws were modelled as perfect
cylinders, and tie constraints were used to rigidly couple the
screws with the plate and bone. The distal aspect of the
metatarsus was kinematically constrained (i.e., encastre
boundary condition), and a 500N axial load was applied to
the geometric center of the proximal surface of the metatarsus (Fig. 2a). Transversely isotropic material properties were
assigned to the bone,27–31 and linear elastic stainless steel
properties (E ¼ 193 GPa, n ¼ 0.29) were assigned to the plate
and screws. In order to closely simulate the experimental
study, the ﬁnite element model was used to predict the
principal strain in the plate under four different levels of
construct stability by assigning a negligible elastic modulus
(E ¼ 100 Pa) to cortical bone sections within the projected
fracture gap region (replicating the intact, 1CO, 1.5CO, and
2CO cases). Principal strain was predicted from a group of 34
surface nodes on the outer face of the plate in order to match
the footprint of the strain gage in the experimental testing.
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Figure 2. (a) Mechanical ﬁnite element model of the sheep
metatarsal with attached fracture ﬁxation plate, highlighting the
region of interest (ROI, red square) that was designated for
obtaining strain predictions (corresponding to the strain gage
footprint in the physical experiments). The axial load application
on the proximal head of the metatarsal and kinematic constraints on the distal metatarsal (blue elements) are shown. (b)
Plate principal strains (mean and standard deviation) are plotted
for the experimental data and the ﬁnite element model predictions. The ﬁnite element model standard deviation was obtained
from the predictive variance within the 34 nodes in the ROI.
JOURNAL OF ORTHOPAEDIC RESEARCH1 MONTH 2019
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The relative deﬂection of the plate was predicted, deﬁned as
the displacement of a node on the center of the plate relative
to two nodes at the contact points of the antenna frame,
located 45 mm above and below the center of the plate.
While the aforementioned experimental and computational studies investigated discreet levels of bone-plate
construct stability via speciﬁc removal of bone tissue elements, fracture healing is a gradual and continuous process
wherein the callus temporally evolves with coincident
increases in stiffness. Therefore, a parametric ﬁnite element
study of callus elastic modulus was performed wherein the
elements representing the fracture gap were increased from
1 kPa to 1 GPa. The callus was assigned isotropic properties
to simulate the spectrum of disorganized soft tissue to woven
bone composition during the fracture healing cascade. Both
hardware strain and relative deﬂection were predicted and
calculated from the same nodes as delineated above.

RESULTS
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As evidenced by the proﬁles of the frequency sweeps of
the |S11| parameter, the antenna measurement was
able to detect a shift in the ARF due to the applied
load (Fig. 1c). The ARF shift, applied load, and
principal strain on the plate (as measured by the
wired strain gage) were all compared. The ARF data
exhibited a strong linear relationship with the applied
load (mean r2 ¼ 0.99, Fig. 3a). Additionally, the intact
case exhibited very small ARF shifts, and the magnitude of the shift increased progressively for each
osteotomy treatment. Linear regression mean slopes
from the ARF versus applied load curves increased
accordingly with each progressively destabilizing
treatment (Fig. 4a), and these slopes were signiﬁcantly
different between all treatments (p < 0.04).
Given the inherent differences in anatomy and
plate ﬁxation within the specimen population, each
specimen was analyzed individually by determining
the relative change in ARF versus load slope between
treatments. The ARF-applied load slopes were signiﬁcantly different (p < 0.02) between treatments for each
specimen tested, with the exceptions being: (1) specimen #4 comparing intact and 1CO variants (p ¼ 0.11);
(2) specimen #6 comparing intact and 1CO (p ¼ 0.11);
and (3) specimen #6 comparing 1CO and 1.5CO
(p ¼ 0.06) (Fig. 5a). The average coefﬁcient of variance
of the ﬁve test repetitions per treatment was 8.5%.
The data obtained from the wired strain gage on
the ﬁxation plate also exhibited a linear relationship
between the principal strain and the applied load
(mean r2 ¼ 0.98, Fig. 3b). In each specimen, the
deformation was very small (less than 50 me) for the
intact treatment, and increased for each subsequently
imposed osteotomy (1CO, 1.5CO, and 2CO). Similarly,
the mean strain magnitude at 500 N load increased
progressively for each osteotomy treatment (p < 0.03
between all treatments), indicating that the osteotomy
treatments progressively destabilized the construct
and increased the load share on the plate (Fig. 2b).
When the specimens were analyzed individually, the
slopes of the strain versus applied load curves were
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Figure 3. Measured data from an example specimen illustrating the last cycle (loading and unloading) of all 5 test repetitions
for each condition. The plots demonstrate (a) ARF shift versus
load, (b) strain versus load, and (c) ARF shift versus strain.
These data demonstrate the highly linear relationships between
these parameters and relative consistency of the data between
testing repetitions.

signiﬁcantly different (p < 0.01) between all treatments for each specimen tested (Fig. 5b).
In order to determine if the ARF shifts were
proportional to changes in plate strain while also
accounting for specimen-speciﬁc variables, the ARF
shift and the change in strain (between 0 and 500 N)
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The ﬁnite element model of the plated metatarsal
predicted plate strains within one standard deviation
of the experimental results for all four conditions
(Fig. 2b). As expected, the strain magnitude increased
as the amount of bone in the fracture region decreased. The model predicted relative plate deﬂections
of 0.01, 0.10, 0.23, and 0.50 mm for the intact, 1CO,
1.5CO, and 2CO conditions, respectively.
The parametric study of the callus elastic modulus
predicted that as the elastic modulus increased, the
strain on the surface of the plate decreased, approximately following an exponential decay relationship
(Fig. 6a). The plate strain: (1) was relatively unchanged and at a maximum for callus elastic moduli
less than approximately 1 MPa, (2) decreased most
dramatically when the callus elastic modulus ranged
from 1 to 100 MPa, and (3) was relatively close to zero
for moduli greater than 100 MPa. Curves of the plate
strain versus relative plate deﬂection were nearly
identical between the callus parametric simulations
and the osteotomy simulations (replicating the experimental conditions; Fig. 6b).

DISCUSSION

Figure 4. (a) Compiled linear regression slope data from the
ARF versus load curves from all tested specimens (mean and
standard deviation). Signiﬁcant differences existed for all comparison of means between treatment groups (p < 0.04). (b)
Normalized ARF shift versus normalized strain plotted for all
test repetitions. A linear regression of the data showed a strong
correlation (r2 ¼ 0.95), indicating that ARF shift was representative of plate strain.

were normalized to the maximum measured value for
each particular specimen. These normalized ARF shift
and normalized principal strain data demonstrated a
strong correlation (Fig. 4b), indicating that the DEC
technique provides a consistent method for detecting
implant loading. The slopes of the ARF-strain curves
were also analyzed for each specimen individually.
The data indicate that the slopes appeared to increase
slightly with each progressive osteotomy treatment for
most of the tested specimens (Fig. 5c). However, none
of the differences in ARF-strain slopes were statistically signiﬁcantly (p  0.06), suggesting that the ARF
shifts were representative of plate strain. The mean
sensitivity of the ARF measurement with respect to
plate strain for all combined treatment groups was
1.2 kHz/me (0.7 kHz/me standard deviation).

Ultimately, the DEC method’s utility in orthopaedic
trauma applications is dependent upon its ability to
detect changes in construct mechanical stability as a
fracture heals over time, especially early in the healing
process. The results of the experimental fracture healing model showed that the DEC method successfully
measured an increase in the signal (ARF/load slope)
with each progressively destabilized condition with
good statistical ﬁdelity, matching the results from the
wired strain gage experimental preparations. The low
coefﬁcient of variance between test repetitions also
indicated good repeatability of the measurement. The
current study investigated the DEC method on plate
and screw ﬁxation of long bone fractures with compressive loading applied, which produced large changes in
plate bending as the bone became destabilized due to
changes in the neutral bending axis of the plate-bone
construct relative to the axis of loading. The DEC
technique is theoretically applicable for any fracture
healing condition in which a load can be applied to
produce a hardware deﬂection, such as a bending load
applied to an intramedullary rod ﬁxation.
It has previously been demonstrated that mechanical changes during fracture healing can be monitored
by strain sensors on the surface of an orthopaedic
plate.9,21 Wired strain gage data using the current
fracture healing model demonstrated differences between the various stages of fracture healing with high
statistical ﬁdelity. This conﬁrmed that the experimental model appropriately simulated the expected
changes in temporal fracture stiffness. The ﬁnite
element simulations showed close agreement in the
relationship between plate strain and plate deﬂection
under a 500 N load between the replicated experimental model (with progressively larger osteotomies) and
JOURNAL OF ORTHOPAEDIC RESEARCH1 MONTH 2019
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Figure 5. (a) Mean (with one standard deviation error bars) linear regression slope data of the ARF versus load curves for each
tested specimen (#1-#7). The magnitude of the slope increased for each progressively destabilized treatment. (b) Linear regression slope
data (mean and standard deviation) of the strain versus load curves, also showing an increase in slope for each progressively
destabilized treatment. (c) Linear regression slope data (mean and standard deviation) of the ARF versus strain curves.

the callus stiffening model (Fig. 6b). These data
provided further evidence that the experimental
method of creating progressively larger osteotomies
was a mechanically valid technique for simulating the
in vivo healing process in which the apparent elastic
modulus of the callus increases over time. The plate
strain versus callus elastic modulus curve was ﬁtted
with a cubic spline, and the spline was used to predict
the apparent callus elastic modulus corresponding to
the average measured strain from the experimental
tests. The 2CO, 1.5CO, 1CO, and intact conditions
approximated average elastic moduli of 1.8, 13, 51,
JOURNAL OF ORTHOPAEDIC RESEARCH1 MONTH 2019

and >1 GPa, respectively, which falls within the range
of callus tissue properties reported from nanoindentation tests (6 MPa to 1 GPa).32 Furthermore, the 2CO,
1.5CO, and 1CO tests approximated the mechanical
environment of relatively soft callus tissues, indicating
that the experimental fracture healing test provided a
good surrogate for studying healing during the early
time period, when predicting the course of fracture
healing is most critical.
It was expected that the ARF shift would provide
an approximate measure for plate strain, and the plot
of normalized ARF versus normalized strain indeed
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Figure 6. (a) Finite element predictions of plate principal
strain for the parametric callus elastic modulus simulations. The
elastic moduli corresponding to the mean experimental strains
are indicated for the 1CO, 1.5CO, and 2CO conditions. (b) Finite
element predictions of relative plate deﬂection versus plate
strain, comparing the parametric callus model predictions with
the osteotomy model predictions.

showed a strong, approximately linear correlation
(Fig 4b). However, the mean sensitivity of the measurement (frequency/strain slope) appeared to increase
from the 1CO to the 2CO conditions. Although not
statistically signiﬁcant, this increase in sensitivity can
be supported theoretically by the nonlinear relationship between ARF and plate displacement,23 even
though it is approximately linear for all of the small
displacement ranges measured. Additionally, the ﬁnite
element simulations appeared to predict a slightly
nonlinear relationship between plate strain and plate
deﬂection for the replicated experimental model
(Fig. 6b). This is likely due to the changing crosssectional area of the model (and experimental specimens) with each osteotomy variant, producing an
ipsilateral (with respect to the plate) shift in the
location of the neutral axis of the bone/plate construct.
This altered mechanical environment slightly affected
the nearly linear relationship between plate strain
and plate deﬂection. One specimen (#6) showed the

opposite trend, with the mean frequency/strain slope
decreasing from 1CO to 2CO, but that specimen also
demonstrated the lowest magnitude strain and ARF
shift, which was likely related to its alignment in the
testing frame. The alignment affects the location of
the applied load, and, subsequently, the bending
moment on the plate and the plate’s resultant strain
and deﬂection under loading. Ultimately, the ARF
data correlated well with strain, and the slightly
higher sensitivity for the 2CO condition may indicate
that the DEC measurement would be most sensitive
during the early time period of healing, when the
measurement would be most beneﬁcial in the clinical
setting.
There were some limitations to the experimental
tests and computational analyses in the current study.
The experimental fracture healing model used cadaveric isolated bone, which allowed for good control of
the imposed mechanical loads, and it was a necessary
initial study prior to a live animal testing. However,
this in vitro setup may not simulate a clinical condition as well as a live animal model. The ﬁnite element
model used for the callus stiffening analysis simpliﬁed
the callus cross-sectional geometry by using an exact
extrusion process to match that of the adjacent bone
rather than the commonly observed in vivo callus
geometry which typically protrudes beyond the periosteal borders of the native bone tissue. If a protruding
callus had been represented with a larger crosssectional area, it is expected that the predicted curve
of plate strain decay with increasing elastic modulus
(Fig. 6a) would have been shifted to the left (i.e., strain
decaying at a lower elastic modulus). Nonetheless, the
trends predicted by the model would have been similar, and the overall conclusions obtained using the
current callus geometry would not have be affected.
The DEC method shows strong potential to supplement radiographic diagnostic monitoring of fracture
healing because it provides a quantiﬁable measurement of the mechanical stability of the fracture. The
measurement system is completely external to the
body and is therefore advantageous when compared to
implantable sensors, which carry long-term biocompatibility concerns. In contrast, DEC can potentially be
used with any implantable fracture ﬁxation hardware
already in clinical use. The experiments and modeling
efforts of the current study demonstrate that DEC can
detect changes in mechanical stability that relate to
the progression of healing in a fractured bone, which
could inform on diagnostic predictions of delayed
union or non-union. It is expected that further development of the DEC method may lead to widespread
clinical translation of this technique.
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