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Abstract

Fracture healing is stimulated by micromotion at the fracture site, whereby there exists an optimal amount of strain to promote
secondary bone formation. Surgical plates used for fracture fixation are often evaluated for their biomechanical performance
using benchtop studies, where success is based on overall construct stiffness and strength measures. Integration of fracture
gap tracking to this assessment would provide crucial information about how plates support the various fragments present
in comminuted fractures, to ensure there are appropriate levels of micromotion during early healing. The goal of this study
was to configure an optical tracking system to quantify 3D interfragmentary motion to assess the stability (and correspond-
ing healing potential) of comminuted fractures. An optical tracking system (OptiTrack, Natural Point Inc, Corvallis, OR)
was mounted to a material testing machine (Instron 1567, Norwood, MA, USA), with an overall marker tracking accuracy
of 0.05 mm. Marker clusters were constructed that could be affixed to individual bone fragments, and segment-fixed coor-
dinate systems were developed. The interfragmentary motion was calculated by tracking the segments while under load and
was resolved into compression—extraction and shear components. This technique was evaluated using two cadaveric distal
tibia—fibula complexes with simulated intra-articular pilon fractures. Normal and shear strains were tracked during cyclic
loading (for stiffness tests), and a wedge gap was also tracked to assess failure in an alternate clinically relevant mode. This
technique will augment the utility of benchtop fracture studies by moving beyond total construct response and providing
anatomically relevant data on interfragmentary motion, a valuable proxy for healing potential.
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Introduction the mechanical environment involves the applied forces and

interfragmentary motion [12]. Although several factors,

After a bone is fractured, the healing process is influenced
by both the biological and mechanical environments [12,
27]. The biological environment includes the condition of
the host tissue and the blood supply to the fracture site, while
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including the size of the fracture gap [3, 7, 18] and the fre-
quency of the applied loads [11, 26], are known to influ-
ence healing, the mechanical stability and interfragmentary
motion play a crucial role in determining the type of bone
healing that will take place [7]. Primary bone healing will
occur when there is minimal interfragmentary motion and
a negligible gap size in between the fragments [3], whereas
secondary bone healing occurs when the fracture gap is a
moderate size and there is relatively less stability at the frac-
ture site [3, 27]. Not only does secondary bone healing not
require a rigidly stable fixation, but small amounts of micro-
motion can enhance the healing process [18]. Most fractures
heal by secondary healing, which does a more thorough job
of replacing old and damaged bone [3].

Many studies have developed relationships between the
amount of motion at the fracture site and the resulting
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healing. This motion can be represented by the strain at
the fracture site, which is defined as the relative change
in the size of the fracture gap divided by the initial size of
the fracture gap [7]. To achieve the necessary stability and
promote healing, surgical plates used for fracture fixation
are often used to provide either absolute or relative sta-
bility [9]. Absolute stability leads to virtually no relative
motion between the bone fragments, with strains below
2%, and promotes primary bone healing [9]. Relative sta-
bility allows small amounts of motion at the fracture site
and leads to higher levels of strain, typically between 2
and 10%, and promotes secondary bone healing [7, 9].
However, if there is too much instability at the fracture site
leading to excessive strains, the fracture will not be able to
heal [12, 14, 22]. Other work has shown that axial inter-
fragmentary movements as small as 0.2 mm are sufficient
to stimulate callus formation, while larger movements
of up to 1 mm can also be tolerated [2]. Additionally, in
the presence of small axial movements of approximately
0.5 mm, shear interfragmentary movements below 0.8 mm
have been reported to facilitate optimal healing [23].

This idea that three-dimensional interfragmentary
motion plays an important role in bone healing has long
been accepted [8]. Existing work involving benchtop bio-
mechanical models to assess immediate post-surgical sta-
bility has relied upon axial and torsional stiffness meas-
urements as an alternative to fracture site motion [21,
28], even though its relation to interfragmentary motion
and bone healing is unclear [8]. Although some work has
found stiffness measurements to agree with the amount of
displacement at the fracture site [21], other work found
construct stiffness to be a poor substitute for fracture
site motion and concluded that three-dimensional inter-
fragmentary motion should instead be used in governing
implant design and operative fixation strategies [8]. Other
studies have quantified the gaps of the fracture and moni-
tored interfragmentary movements using optical tracking
during the early healing stage [6]. However, this technique
is more invasive which requires surgically attaching mark-
ers to participants using Schanz screws and Ilizarov ring
[6]. Although several studies have attempted to apply opti-
cal systems to this problem [4, 10, 17, 20], determining
the optimal mechanical environment for secondary frac-
ture healing is still largely limited by an inability to meas-
ure fracture site motion for different types of fractures,
including line and wedge fractures, that involve compres-
sive, shear, and angular interfragmentary movements [8].
Therefore, the purpose of this study was to develop a tech-
nique to track three-dimensional interfragmentary motions
at a fracture site and resolve them into normal, shear, and
angular components for anatomically relevant outcomes
while a repaired bone construct was loaded to simulate the
immediate post-repair condition for healing.

Methods
Interfragmentary Motion Capture System

This technique integrated a three-dimensional optical track-
ing system (to characterize interfragmentary motion) with
a material testing machine (to conduct benchtop loading of
ex vivo repaired specimens) and will be described through-
out this paper in terms of how it was implemented on two
comminuted fractured and repaired distal tibia and fibula
complexes, although it could be applied to any fractured
specimen. The work described was approved and conducted
in accordance with the Hamilton Integrated Research Ethics
Board (HiREB 1946).

Four cameras (Flex 13, OptiTrack, Natural Point Inc.,
Corvallis, OR) were used to provide 360° tracking around
a specimen and were supported using a welded steel tube
frame. The frame was secured to a material testing machine
(Instron 5967, Norwood, MA, USA) with the goals of
minimizing vibrations and optimizing the capture volume
(45 cm X 35 cm X 45 cm) for a repaired specimen (Fig. 1).
All reflective surfaces present within the capture volume,
including the fracture plates, screws, and the frame of the
materials testing machine were covered in matte black paint
or black fabric to prevent them from interfering with the
tracking of the markers.

The optical tracking system was calibrated using a cali-
bration wand (CWM-125 Calibration Wand, OptiTrack, Nat-
ural Point Inc, Corvallis, OR), and the origin was defined at
the edge of the material testing machine base (with X-axis to
the back, Y-axis vertical, and Z-axis to the right). The total
estimated error for the system was calculated by the soft-
ware (Motive, OptiTrack, Natural Point Inc., Corvallis, OR).
Finally, a digitizing probe (MSP0001, OptiTrack, Natural
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Fig. 1 Test setup with four cameras supported by a welded frame and
positioned around the working area of a materials testing machine
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Point Inc., Corvallis, OR) was registered to the setup using a
calibration bar (CB-300 Calibration Bar, OptiTrack, Natural
Point Inc., Corvallis, OR).

Reflective, spherical markers (6.4 mm in diameter) were
used to track the motion of each bone fragment (assumed
as rigid bodies). As such, clusters were developed to estab-
lish a local coordinate system for each fragment (Fig. 2).
This extended the markers off the surface of the bone to
ensure unobstructed tracking and was custom made using
toothpicks, cotter pins, and hot glue to minimize the weight
(approximately 1.2 g). Four markers were used in each clus-
ter to mitigate the impact of potential obstructions. Small
holes were drilled (3/32” diameter) into each bone fragment
to allow for the clusters to be inserted and glued in place.
Virtual points were then digitized relative to each cluster
using the digitizing probe, which was done at both ends
of the fracture, on both sides of the gap (Fig. 2) to facili-
tate tracking the fracture gap motions in 3D, which could
then be translated into compression, shear, and angulation
components.

Error Analysis

The accuracy of the optical tracking system was directly
compared to a micrometer. A toothpick was taped to each
side of the micrometer and a reflective marker was glued
to the end of each toothpick. Measurements were taken in
both the horizontal and vertical directions at nine locations
in the transverse plane and three different heights to char-
acterize the entire capture volume area of interest (Fig. 3).
The micrometer was adjusted a fixed amount, ranging from

A

Fig.3 Overhead view of the locations where the error analysis was
conducted (looking down). The error at each of these nine locations
was measured at three different heights

Marker
Cluster

Fig.2 a Marker cluster set created using four reflective markers (of 6.4 mm diameter) and b one cluster was secured to each bone fragment in
the complex. ¢ Virtual points, shown in red, were placed at both ends and on either side of the fracture gaps
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0.5 to 3 mm, and the displacement from the micrometer
was compared to the displacement reported from the optical
tracking system.

To assess the level of noise induced by the vibrations
from the material testing machine, two markers were secured
within the center of the capture volume and a ten-second
static test was conducted. This was followed by a 10-sec-
ond dynamic test where the Instron head was operating at
a rate of 0.1 mm/s. As there was no contact between the
marker clusters and the Instron head during either the static
or dynamic test, the markers remained stationary, and the
amount of noise induced by the material testing machine
during operation was defined as the maximum displacement
of the markers throughout each test.

To evaluate the internal stability of the custom-made
marker clusters, the error was quantified by comparing the
distance between adjacent markers on a single cluster in the
first frame of data against the distance between the same two
markers in the final frame of data. This was calculated for
each of the six clusters.

Fig.4 a The anatomic coordinate system X' Y’ Z' was created by find-
ing P,_,, to define the Y’ axis. The temporary X' axis was defined as
P,_,;. The cross-product of P;_; and P,_,, was calculated to define
the Z' axis. Finally, the cross-product of Y’ and Z' was used to define
the true X' axis. b The yellow line represents the fracture gap, and

Application to Comminuted and Repaired Distal
Tibia-Fibula Complexes

Two comminuted specimens with both a vertical and trans-
verse wedge fracture were tested to evaluate the technique's
ability to capture three types of motions: normal strains, shear
strains, and wedge angulations. To quantify the strain at each
fracture line, marker clusters were placed on the fragments on
either side of the fracture to allow for a local coordinate system
to be established on each fragment. Virtual points were then
digitized on either side of the fracture gap at both the proximal
and distal ends (Fig. 4). As the mating talus was not accessible,
an artificial talus was made using dental cement (Denstone
Golden, Heraeus Kulzer, South Bend, IN, USA) by creating a
mold of the articular surface in order to distribute the applied
load evenly. The specimens were loaded from the artificial
talus (axially) cyclically at a rate of 0.1 mm/s between 100 and
400N for 10 cycles using a material testing machine (Instron
5967, Norwood, MA, USA), and the optical tracking system
recorded the positions of the marker clusters on each of the

Ty,
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the red points represent the positions of the virtual markers. The blue
arrows represent the vectors used to calculate the wedge angle. The
purple arrows represent normal strains, and the green arrow repre-
sents the vertical shear strain.
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bone fragments in the global coordinate system at a rate of 120
FPS. Assuming that each bone fragment was rigid and non-
deformable meant that the position of each virtual point with
respect to its fragment’s local coordinate system was constant
and each point could be transformed into the global coordinate
system for every subsequent frame of data.

An anatomic coordinate system was created at the frac-
ture gap in order to convert the global interfragmentary
motions into anatomically relevant motions (as compressive
strains, shear strains, and angular displacements). This ana-
tomic coordinate system was based on a vector connecting
two virtual points along the fracture gap, which was kept as
the y-axis of the anatomical coordinate system. A second
vector was created using virtual points on either side of the
fracture gap at the proximal end. A cross-product between
these two vectors produced the z-axis of the anatomical
coordinate system directed away from the specimen. Finally,
the cross-product between the y-axis and z-axis created the
x-axis of the anatomic coordinate system, oriented normal
to the fracture gap. (Fig. 4).

The normal and shear strains were computed at the proxi-
mal and distal ends of a fracture line. The relative motion
between two virtual points on adjacent bone fragments was
determined by subtracting the distance between the two
points in one frame from the distance between the two points
in the following frame. Using a transformation matrix, this
displacement vector was projected onto the anatomical coor-
dinate system developed previously in such a way that the
x-component of the interfragmentary motion corresponded
to compressive movements normal to the fracture gap and
the y-component of the displacement corresponded to inter-
fragmentary shear movements along the fracture gap. There-
fore, the normal and vertical shear strain components were
then evaluated individually by dividing the magnitude of
the relative motion between the fragments by the initial size
of the fracture gap. The initial size of the fracture gap was
taken to be the width of the saw blade used to create the
fractures (0.58 mm).

In addition to normal and shear strain, angular displace-
ments were also calculated. A vector parallel to the top and
bottom edges of the wedge fracture was created using the
virtual points and the angle between these two vectors was
calculated using the dot product. MATLAB (MATLAB_
R2020a, MathWorks, Natick, MA) was used to compute all
interfragmentary motions and strains.

Results
Error Analysis

When considering all measurements taken in both the
horizontal and vertical directions at nine locations in the

@ Springer

transverse plane and three different heights, the optical
tracking system had an overall error (SD) of 0.05 (0.08)
mm compared to the micrometer (Table 1). More specifi-
cally, there was an error (SD) of 0.05 (0.09) mm, 0.08
(0.08) mm, and 0.03 (0.04) mm at the lowest, middle, and
highest heights, respectively. Horizontal measurements
had an error (SD) of 0.03 (0.05) mm, while vertical meas-
urement errors (SD) were 0.08 (0.10) mm.

Substantially larger errors were seen in the corners of
the calibrated testing area. When focused on the primary
regions in which a repaired specimen would be located
during testing (locations 2, 4, 5, 6, and 8), the overall error
(SD) was reduced by 0.03 (0.03) mm. Additionally, there
was an error (SD) of 0.02 (0.02) mm, 0.05 (0.04) mm, and
0.02 (0.02) mm at the lowest, middle, and highest height.
Horizontal measurements reported an error (SD) of 0.02
(0.02) mm, while vertical measurements reported an error
(SD) of 0.04 (0.03) mm.

From the noise assessment, the maximum displacement
of the markers during both the static and dynamic tests
was 0.01 mm.

When assessing the quality of the custom-made marker
clusters, the distance between adjacent markers on a single
cluster in the first frame of data and in the final frame of
data had an error (SD) of 0.011 (0.008) mm.

Table 1: Results of error analysis between motion capture system and
micrometer

Location Height1 Height2 Height 3
7 8 9
4 5 6
1 2 3

All heights

1 53 31.3 114.4 50.3

2 19.0 30.6 279 25.8

3 196.7 15.3 63.7 91.9

4 13.8 63.1 28.8 352

5 13.9 76.6 23.0 37.8

6 21.9 38.6 134 24.6

7 0.7 233.9 18.5 84.4

8 37.1 51.0 124 335

9 144.5 163.3 4.7 104.2

Overall 50.3 78.2 34.1 54.2

All values are in pm
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Comminuted Distal Tibia-Fibula Example

The resulting outputs for normal strains, shear strains, and
angular displacements using the comminuted distal tibia
specimens are shown in Fig. 5.

In terms of the magnitude of the motions presented in
Fig. 5, the interfragmentary movements in the normal and
vertical shear directions for Specimen 1 were approximately
0.36 mm and 0.21 mm, respectively, and for Specimen 2
were 0.13 mm and 0.13 mm, respectively. For Specimen
1 they increased with cycles, but for Specimen 2 they had
generally consistent magnitudes for the ten cycles.

To see the change in the wedge angle during loading
rather than the absolute value of the angle, the initial wedge
angle (17° and 13° for Specimen 1 and 2, respectively)
was subtracted from every frame of data to focus on angu-
lar changes such that the initial wedge angle was 0°. The
change in wedge angle was detected to be <2° under the
loads applied herein.

Discussion

The main goal of this study was to develop an anatomi-
cally relevant 3D tracking technique to assess the relative
motion among bone fragments in three motions assessed
in benchtop cadaveric studies of fracture repair. Currently,

examining 3D fracture gap motion is a new technique such
that there has been limited work done in this area. This
study was able to develop and validate a technique to track
bone interfragmentary movements and resolve them into
anatomically meaningful strain values that can be used to
estimate a plate’s ability to promote bone healing. This could
be applied to the development of future plates to provide
optimal interfragmentary motion that considers relative
motion at every fracture site rather than the overall stiffness
response, enhancing patient outcomes post-surgery.

This technique is able to assess the stability and healing
potential of comminuted fractures by tracking normal and
shear strains, in addition to a wedge gap, which is considered
to be an alternate, clinically relevant mode of failure. As
shown in Fig. 5, one specimen exhibited a consisted strain
magnitude throughout the cyclic loading, while another dis-
played a consistent drift in the strain measurements. This
drift is likely attributable to the poor integrity of the repair
and appears as damage accumulates throughout each loading
cycle. To validate this technique an error analysis was com-
pleted to determine the accuracy of the 3D motion capture
system. The overall error was at a minimum in the central
region of the capture area (0.03 mm), common in motion
capture setups, highlighting the importance of placing a
test specimen in this location. Errors may be reduced in the
future by optimizing camera positioning to focus on a spe-
cific region of interest; in the present study, a relatively large
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capture volume was selected to provide the greatest potential
range of studies. In addition, the low error from the custom-
made marker clusters (0.011 mm) suggests that the clusters
behaved reliably and consistently throughout the testing pro-
tocol. When using the Instron for stiffness and failure test-
ing, there were vibrations that caused small marker motions
(0.01 mm). This vibration analysis test was completed by
running the Instron at a constant rate of 0.1 mm/s, which
was the rate used for the construct loading tests. The errors
measured were approximately 10% of the magnitude being
measured, supporting the conclusion that while pushing the
capabilities of the system, motion capture can operate at a
high accuracy to provide detail on small interfragmentary
motions. This has important clinical implications for assess-
ing bone healing during fracture plate design and evaluation.
While common in biomechanics, the use of optical track-
ing for assessing 3D interfragmentary motion tracking has
been limited [6, 15, 24], primarily due to the size of the
motions. A study by Muizelaar et al. [20], tested a bilateral
plating technique to repair distal femur periprosthetic frac-
tures using 3D motion tracking [20]. They measured frac-
ture motions on the order of 4-20% of fracture gap width,
demonstrating that 3D motion tracking could be used for
this application. However, that study was on a single, sim-
ple transverse fracture under isolated loading directions.
Another previous study validated a high-end optical meas-
urement system against a conventional tactile measurement
system in the detection of 3D micromotions (less than or
equal to 5 pm) [4]. With errors a degree of magnitude lower
than those in the present study, it was considered to have
high enough resolution for micromotion evaluations; how-
ever, was only tested using a simple setup consisting of a
tube with a transverse cut in it, and used patches with arrays
of markers, which may be difficult to secure to cadaveric
bone due to the irregular and moist surface. The Pontos 5 M
camera system used in that work had a resolution of 6 Meg-
apixels, which is more than four times that of the present
system (at 1.3 Megapixels). It is possible that with higher
quality cameras, our system could have lower errors as well;
however, the Optitrack represents an affordable system,
making this accessible to the average biomechanics group.
Finally, no known previous study examined the collection of
fracture motion types presented herein, opting to use simpli-
fied and more highly controlled (but less realistic) setups.
This technique provides a variety of insights when test-
ing comminuted distal tibial fractured specimens. When
evaluating the amount of strain at the fracture site, the
initial gap size needs to be considered in addition to the
amount of interfragmentary motion. For a smaller initial
gap size, a smaller amount of interfragmentary motion can
be tolerated in order to reach an acceptable level of strain
to promote healing, and as such may test the performance
limits of the present system. As previously mentioned,
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the interfragmentary movements for Specimen 1 in the
normal and vertical shear directions were approximately
0.36 mm and 0.21 mm, respectively, and for Specimen 2
were 0.13 mm and 0.13 mm, respectively. For Specimen 1,
this is within the suggested range for axial interfragmentary
motion (i.e., 0.2 to 1 mm) that is required for early second-
ary bone healing [1, 5, 13]. For Specimen 2, the movements
were small even smaller than the optimal range for second-
ary healing, hence, this fractured specimen is considered to
be more stable than the first specimen. Similarly, another
study used finite element analysis to predict interfragmen-
tary movement and found that axial movement ranged
between 0.1 and 1.3 mm, while shear movements were
between 0.2 mm and 0.5 mm [19]. Also, to prevent delayed
healing, the ratio between the shear interfragmentary motion
(SIM) and axial interfragmentary motion (AIM) must be
less than 1.6 [23]. From the results, the SIM/AIM ratio was
in fact less than 1.6, which signifies that delayed healing
can be prevented. This information can be used clinically to
understand how a treatment performs post-surgery. It also
provides vital information on the success of the treatment
that relies on adequate healing.

Also, previous studies determined and were able to cal-
culate interfragmentary movements at the fracture site using
three-dimensional tracking on sheep’s tibia [15, 16]. They
found that for first group, the interfragmentary movements
were out of the appropriate range for healing, this caused
initial instability which was important as large movements
in the initial healing stage caused a delay in callus formation
[15]. In addition, another study found that 3D fracture site
motion would be a better predictor of callus formation com-
pared to stiffness [8, 25], and as such this new technique to
track the amount of interfragmentary motion at the fracture
site has great clinical relevance. However, this research had
some limitations. To track the positions of virtual points
on each fragment on a bone, it was assumed that each frag-
ment was a rigid body and did not deform. Although bone
is deformable and anisotropic, this was a necessary assump-
tion to simplify the analysis. This is further supported by
the fact that bone deformations were substantially smaller
than the movements at the fracture gap [17]. This technique
has significant clinical importance; however, it is mainly for
research and development purposes to develop optimized
fracture plates to enhance healing, and as with all benchtop
studies, represents only the immediate post-surgical heal-
ing condition. Furthermore, this robust technique can also
be applied to a broad range of fracture healing scenarios
(beyond the pilon fracture examples presented herein) to
improve our understanding of how best to promote healing.

Overall, this study was able to develop a technique to
track three-dimensional interfragmentary motions at dif-
ferent types of fracture sites and resolve them into normal
and shear components for anatomically relevant outcomes,
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while a repaired bone construct was loaded to simulate the
immediate post-repair condition for healing. The outcome
of the study demonstrated that this is an affordable system
to implement in biomechanical laboratories to support the
development and evaluation of future fracture treatments.
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