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Abstract

This study investigates the use of a non-contact method known as Digital Image Correlation (DIC)
to measure strains in the mouse forearm during axial compressive loading. A two camera system
was adapted to analyze the medial and lateral forearm displacements simultaneously, and the
derived DIC strain measurements were compared to strain gage readings from both the ulna and
radius. Factors such as region-of-interest (ROI) location, lens magnification, noise, and out-of-
plane motion were examined to determine their influence on the DIC strain measurements. We
confirmed that our DIC system can differentiate ROI locations since it detected higher average
strains in the ulna compared to the radius and detected compressive strains on medial bone
surfaces vs. tensile strains on lateral bone surfaces. Interestingly, the DIC method also captured
heterogeneity in surface strain fields which are not detectable by strain gage based methods. A
separate analysis of the noise intrinsic to the DIC system also revealed that the noise constituted
less than 4.5% of all DIC strain measurements. Furthermore, finite element (FE) simulations of the
forearm showed that out-of-plane motion was not a significant factor that influenced DIC
measurements. Finally, we observed that average DIC strain measurements can be up to 1.5-2
times greater than average strain gage readings on the medial bone surfaces. These findings
suggest that strain experienced in the mouse forearm model by loading is better captured through
DIC as opposed to strain gages, which as a result of being glued to the bone surface artificially
stiffen the bone and lead to an underestimation of the strain response.
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1. Introduction

During mechanical loading of bone, osteocytes have been hypothesized to be the initiators
of cellular responses, in part through activation of the Wnt/p-catenin signaling pathway [1].
This process of mechanotransduction has been investigated in various studies [2-5]. Recent
work has shown that compressive loading in the murine forearm activates Wnt/j-catenin
signaling in three phases: (1) initial activation of a subpopulation of osteocytes at 1 hour
post-loading, (2) subsequent activation of neighboring osteocytes, and (3) activation of
osteoblasts on the bone surface at 24 hours post-loading [6]. Interestingly, the initial
subpopulation of osteocytes activated in a heterogeneous pattern, suggesting localized
differences in the strain field not captured in traditional finite element (FE) models and that
osteocytes need to experience a minimum level of strain prior to activating in response to
mechanical loading.

In order to study the strain distributions within the mouse forearm structure and their effects
on osteocytes and bone function, a non-contact method for determining strain is needed. In a
previous study [7], we developed a numerical FE model that included the ulna, radius, and
the interosseous membrane and predicted the complete strain map along the forearm.
However, the FE model must be biologically validated by comparing the numerical strain
data against experimentally obtained data before the FE model can be used for further study
with a wider range of boundary conditions. Strain gages can be applied successfully despite
the small geometry of the mouse forearm (10-15 mm), but the resulting experimental data
represents an average strain along a limited portion of the bone surface and does not offer
insight regarding the localized strain field. Therefore, it is critical to seek an alternative
approach that yields a more realistic strain measurement. The overall goal of this research is
to develop a non-contact technique to study experimentally the distribution of strains on the
mouse bone surface due to axial compressive loading. One technique for achieving this goal
is using the Digital Image Correlation (DIC) method.

DIC is an optical, non-contact method of strain measurement that circumvents the
limitations of strain gaging and can be used for biological validation of FE models. The DIC
technique was proposed in the early 1980s [8-14] and has since been improved and widely
used to measure the deformation and strain of various engineering materials and structures
[15-21]. In the DIC procedure, a speckle pattern is first applied to the surface of a specimen.
Cameras are then used to track the position of the speckle pattern while the specimen is
loaded, and the ensuing sequence of images is processed using the DIC software. During the
analysis, the field of view is divided into a region of interest (ROI) that measures the
movement of the speckle pattern and subsequently calculates the displacement and strain
[22, 23].

Various studies have demonstrated the merits of using DIC to examine different bone
properties. Previous studies [24, 25] have utilized DIC to analyze micro cracks in bovine
cortical bone to show that the crack tip locations and osteocyte lacunae produce the highest
strains. DIC has also been used for comparing local strains with nanoindentation
measurements in cortical bone to show that bone microstructure and mineral content affect
local strain [26]. Although DIC has been employed in murine models involving the femur
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[27] and the tibia [23, 28], to the authors’ knowledge, this technique has not been employed
on the forearm loading model. The DIC method has two major advantages over strain gages,
namely that it is a non-contact measurement technique, and it can be used to quantify strains
over the entire field of view using a post-processing technique, thereby capturing strain
differences due to bone heterogeneity.

In the present study, we investigated the use of the DIC method to measure strains on the
mouse forearm during axial compressive loading conditions. After developing a custom DIC
system, we examined the effects of ROI location, lens magnification, noise, and out-of-plane
motion on the strain magnitude. Strain measurements were obtained from both the ulna and
radius through two methods: (1) strain gaging and (2) DIC. We determined that the DIC
system was able to differentiate ROI locations and to distinguish between compression and
tension on the medial and lateral bone surfaces, respectively. The DIC system detected a
higher average strain magnitude in the ulna than the radius since the ulnar site experiences
mechanical loading more directly. Lens magnification, noise, and out-of-plane motion did
not significantly influence strains reported by the DIC system. Comparisons of DIC and
strain gage measurements also revealed that DIC generally yielded a higher strain magnitude
than conventional strain gaging. This finding suggests that a more realistic depiction of the
forearm mechanical response can be captured through the DIC method, as strain gages
underestimate strains due to the inherent stiffening caused by gluing the gages to the bone
surfaces. This work ultimately demonstrates the benefits of utilizing DIC to capture the
strain distribution in the mouse forearm subjected to axial compressive loading.

2. Materials and Methods

2.1 Equipment

The DIC system consisted of two digital single-lens reflex (DSLR) cameras and a loading
system (Bose ElectroForce 3220, Bose Corp., ElectroForce Systems Group, Eden Prairie,
MN). Both cameras (Canon REBEL T2i/EOS 550D) were equipped with MP-E 65 mm
macro photo lenses (Canon U.S.A. Inc., Melville, NY), which have the capability of
magnifications ranging from 1x to 5x using manual focusing. The camera was mounted to
vertical adjustment columns bolted to an antivibration table and the system also included
sliding rails, LED light sources, and external LCD monitors for optimizing video quality.
Loading caps customized specifically for axial compression experiments were also installed
in the Bose loading system (Supplemental Fig. 1).

2.2 Ex Vivo Mechanical Loading

This study employed the axial compression model for inducing mechanical deformation in
the mouse forearm because it facilitates examination of mechanically induced bone
formation in both rats and mice (Supplemental Fig. 2). In addition to mimicking
physiological loading through the joints, this experimental model typically generates strains
on the periosteal surface without damaging the surrounding soft tissue [29, 30]. For all
experiments, the Bose system applied a preload of 0.3 N to forearm specimens and then
dynamically loaded them to 2.25 N at a frequency of 0.2 Hz for 5 cycles using a Haversine
waveform. A frequency of 0.2 Hz was chosen since it generated 150 data points for each
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cycle (30 frames/sec x 5 sec/cycle). Based on our previous study [7], which examined the
effect of loading frequency, the difference between the strain at 0.2 Hz and 2 Hz was ~1% in
the ulna and ~6% in the radius after applying a preload of 0.3 N and a total load of 2 N.

Experimental strain measurements were obtained from strain gages (EA-06-015DJ-120/LE,
Vishay Precision Group, Malvern, PA) attached to the medial forearm surface [31]. Strain
gages were positioned approximately 2 mm distal to the midshaft on the ulna and radius
(Supplemental Fig. 3). Each strain gage was trimmed down using a new razor blade under a
binocular microscope. A multimeter was used to check the resistance before and after
testing. After the muscle tissue was removed using microscissors and forceps, a cotton swab
dipped in acetone was used to remove any remaining soft tissue from the bone. This step
was taken to ensure that the gage adhered properly and tightly to the curved bone surfaces.
Before the gage was attached, a small bead of glue was placed on the bone region. It should
be noted that applying too much glue can yield strain results that characterize the properties
of the glue rather than the bone underneath it. In addition, we did not use polyurethane
coating because strain gages did not work properly after applying the coating in previous
experiments. A cotton swab dipped in PBS was used to rehydrate the lateral bone surface
prior to collecting strain data.

High-definition (HD) videos of loading and strain gage experiments were recorded at 30
frames per second. DIC was performed using videos of both loading and strain gage
experiments in order to quantify the stiffening caused by application of strain gages to the
bone surface. DIC strain values were obtained from DIC software that analyzed videos of
experiments and then computed the strains. In order to further verify the strain predictions of
the DIC method compared to strain gaging, we performed additional experiments to
determine the load-strain relationship. The objective of these experiments was to determine
the relationship between the load applied and the strain measured for both strain gaging and
the DIC method. The Bose system applied the same preload, frequency, and number of
cycles. However, experiments were performed on each forearm specimen at different peak
loads, which ranged from 1.25 N to 3.25 N at increments of 0.25 N.

2.3 Specimen Preparation

Female TOPGAL mice (age 17.5 to 19.5 weeks) were selected for this research as they will
be used specifically to detect the activation of the p-catenin signaling pathway in future
experiments correlating cellular activation with strain [32]. These mice were maintained in
our colony on a mixed C57BI/6 X CD1 background. Mice were euthanized, the skin from
the forelimb removed, and muscle tissue was removed from the radius and ulna. The paw
and olecranon remained intact to recreate physiological loading conditions and to facilitate
forearm positioning between the loading caps of the Bose lading system. A cotton swab
dipped in PBS was used to keep the forearm specimens hydrated throughout preparation.
Forearm specimens were then wrapped in gauze soaked with PBS and stored in a -20°C
freezer.

Prior to testing, forearm specimens were thawed for 30 minutes, rehydrated with PBS, and
then speckled with black, opaque, water-based paint (Createx Colors, East Granby, CT)
using a high precision airbrush (Model 200NH, Badger Air-Brush Co., Franklin Park, IL) set
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to a pressure of 138 kPa (20 psi). To generate a consistent speckle pattern, we mounted the
airbrush at a height of 15.25 cm (6 in.) and distance of 30.5 cm (12 in.) from the specimen
and then inclined it at a 45° angle. The speckling process consisted of four air bursts onto
the medial side of the forearm followed by four air bursts onto the lateral side. This
speckling process is similar to the speckling procedure described in a previous work that
used DIC to analyze the strain distributions during mechanical loading of the mouse tibia
[33].

2.4 Digital Image Correlation (DIC)

Numerous methods are available for digital image processing and tracking embedded image
features. Each method utilizes a specific algorithm that may be ideal for certain applications
[16, 22]. We used the two-dimensional digital image correlation (2D-DIC) technique and
analyzed images with sub-pixel resolution. Typically, the 2D-DIC method measures the
displacement vector acting on an image stack and then calculates the corresponding strains.
For this study, we used DIC code [36-38] developed in MATLAB® (MathWorks, Inc.,
Natick, MA). In general, the region of interest (ROI) selected for analysis is first divided
into grid points. Each grid point is represented by a subset of 11x11 pixels that surround it.
The pixel intensities of these 11x11 pixels are then searched for and compared to the pixel
intensities in a 40x40 region around the original grid point in the next video frame. The DIC
code then calculates a correlation coefficient for each search, and the new 11x11 pixel
subset that gives the highest correlation coefficient is identified as the new grid point in the
next video frame. This process continues until the final video frame is analyzed, and the first
frame of the video is always selected as the reference frame. The displacement map for each
grid point is then generated as a matrix of values. These displacements are then smoothed
using the Savitzky-Golay (SG) filter [18] and the corresponding strain values are calculated
using basic kinematic equations, which are built into the DIC code.

Modifications to the original code developed by Jones et al. (2014) included the addition of
the SG filter at the displacement level and the development of the optimal frame size
number. Since strain magnitudes are derived from displacement data, smoothing the
displacements results in smoother strain magnitudes. The SG filter is based on a local least
squares approximation of the data while maintaining the height and shape of the overall data
set. One of the parameters required for this filtering operation is the number of successive
frames to be considered for the smoothing process. After conducting various trials, we found
that a frame size number of 159 was optimal for smoothing data between two consecutive
video frames.

Both DSLR cameras captured full HD videos (1920 x 1080 pixel resolution) that were
approximately 90 seconds in length. HD videos of forearm loading experiments were
acquired at 30 frames per second using a shutter speed of 1/60 seconds. These camera
settings allowed the DIC code to analyze 150 data points for each loading cycle. In addition,
multiple magnifications (2x, 3x, and 4x) were selected for use with the MP-E 65 mm macro
photo lens in order to determine the sensitivity of the DIC system to changes in
magnification and to determine an ideal magnification for future studies.
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Prior to testing, cameras were placed in the medial and lateral viewing positions
(Supplemental Fig. 1). Each forearm specimen was then secured between the loading caps
while the macro photo lenses were set to the 4x magnification. Sliding rails and external
LCD monitors were used for optimizing video resolution of the speckled bone surfaces. The
forearm specimen was also rotated to ensure that both the ulna and radius remained in focus.
Both cameras were synchronized to record videos simultaneously, but activation of the Bose
loading system was intentionally delayed for 60 seconds. This delay allowed the camera
vibration to subside after manual triggering and also allowed a sufficient number of static
frames to be recorded (60 sec x 30 frames/sec = 1800 frames) for analysis of the inherent
noise of the DIC system. Consequently, each test started after 60 seconds had passed, and
this procedure was repeated for the 3x and 2x magnifications.

Video footage was separated into individual frames using a custom MATLAB® script, and
frames were divided into two subsets that corresponded to either non-loading (i.e. static) or
loading (i.e. dynamic) conditions. These designations were determined by inspection
through a movie viewing program immediately following video acquisition. Static frames
were analyzed to quantify the strain due to noise from the DIC system while dynamic frames
were analyzed to measure the strains corresponding to cyclic loading only. Although the test
protocol applied 5 cycles, the peak-to-peak strain was averaged from the second, third, and
fourth cycles (Fig. 1). Figures 1(A) and 1(B) show representative plots of the strain history
after performing DIC on the lateral radius and medial radius, respectively, at 3 different lens
magnifications. For this study, the DIC strain magnitudes are defined as the difference
between the peak-to-peak strain and the strain due to noise since identical ROIs were
selected for DIC of both dynamic and static frames.

ROI dimensions were matched to the sensing area of the strain gage (510 pm x 380 um)
rather than its entire surface area (5.8 mm x 3.0 mm) because the sensing area is the only
region on the strain gage that collects strain data directly from the bone surface. Since
multiple lens magnifications were utilized, ROl dimensions were adjusted accordingly using
the scaling options in ImageJ (National Institutes of Health, Bethesda, MD) [39, 40]. The
resolutions for ROIs at the 2x, 3%, and 4x magnifications were 86 x 64 pixels, 144 x 96
pixels, and 172 x 128 pixels, respectively. In addition, we chose a subset size of 40 x 40
pixels and step size of 10 pixels for this study. The subset size defines the region whose
pixel features are chosen for comparison, and the step size represents the distance (in pixels)
that this region can move between two successive frames. During the determination of the
displacement, the pixel intensities in a region of 11x11 is considered to represent a grid
point. The search window for the new location of this region is 40x40 pixels. These two
values were based on a separate parametric analysis that determined the effects of both
subset size and step size on DIC strain measurements. All ROIs were located along the
midshaft of both the ulna and radius, and their positions remained consistent across all three
magnifications. This procedure for designating ROIs facilitated a direct comparison of DIC
and strain gage measurements as well as DIC strains across different magnifications.
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2.5 Out-of-Plane Motion

The two-dimensional DIC technique can be influenced by deformations that occur toward
and away from the camera’s field of view (i.e. out-of-plane motion), especially when a
specimen with a complex geometry is analyzed. To investigate the out-of-plane motion
induced, we created a 3D finite element (FE) model of the TOPGAL mouse forearm and a
loading cap positioned over the distal end. Mimics® 8.0 and 3-matic® 16.0 (Mimics
Innovation Suite, Materialise, Plymouth, MI) were used to generate a volume mesh
consisting of 10-noded tetrahedral elements. The FEBio Software Suite (Musculoskeletal
Research Laboratories, Salt Lake City, UT) [41] was used to simulate one loading cycle. In
the FE model, the z-axis coincided with the longitudinal axis of the forearm and the
direction of the applied load. At the midshaft of each bone, the displacement along the y-
axis corresponded to the out-of-plane deformation.

A separate ex vivo loading experiment was performed on a comparable specimen (i.e.
TOPGAL, female, 20 weeks old) by rotating the forearm 90 degrees relative to the original
orientation and then capturing the out of plane deformation via DIC (Fig. 8). ROls along the
midshaft of the ulna and radius were analyzed to calculate the out-of-plane displacement.
This additional experiment was performed because the numerical displacements from the FE
model may differ due to simplifications in the geometry (e.g. absence of soft tissue and
paw).

2.6 Statistical Analysis

3. Results

One-way analysis of variance (ANOVA) was performed at each ROI to identify significant
differences in DIC strain measurements based on the lens magnification selected. The
assumption of equal variances between groups was investigated with Levene’s test. Based
on the Levene’s test result, different approaches were applied to post-hoc multiple
comparisons. More specifically, to keep the nominal level of type I error rate, Tukey’s HSD
test was used for equal variances while Dunnett’s T3 was used for unequal variances. For
the medial ulna and medial radius, independent samples t-tests were used to identify any
significant differences between strain gage and DIC values. Similarly, Levene’s test was
used to confirm the assumption of equal variance. Data analysis was performed with SPSS
(Statistical Package for Social Science, version 22; IBM SPSS Inc., Chicago, IL), and
p<0.05 was considered significant.

Figures 2(A) and 2(B) show representative strain contour plots after performing DIC on the
lateral ulna and medial ulna, respectively. A larger ROI was selected to better illustrate the
non-uniform strain response on the ulna surface during mechanical loading. For this study,
however, DIC strain measurements were obtained from smaller ROIs (510 pum x 380 pm)
that corresponded to the dimensions of the strain gage sensing area, thus allowing a more
direct comparison between DIC and strain gage values.

Figure 3 shows the load-strain relationships after performing strain gaging and DIC on the
medial ulnas of the same set of forearms (n=4). We assigned a reference microstrain value at
0.3 N in order to calculate the strain due to the cyclic loading from 0.3 N to 2.25 N. This
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reference point was added to facilitate a more direct comparison of the two slopes in Figure
3 since the two regression lines have the initial condition of zero strain at a preload of 0.3 N.
Although both load-strain relationships were linear, DIC exhibited a 24% stiffer slope
compared to strain gaging. The lower slope for the strain gage load-strain plot is most likely
due to a stiffer response caused by gluing strain gages to the bone surface. Meanwhile, the
higher slope observed in the DIC load-strain plot could be attributed to the uninhibited
movement of the forearm during loading.

Figure 4 shows a comparison of the average peak-to-peak strains (Mean * SD) after strain
gaging the medial surfaces of the ulna and radius. The sample sizes for the experimental
strains of the ulna (n=5) and radius (n=3) reflect the number of forearm specimens. Since
strain gage measurements were collected while testing at each lens magnification, each
forearm yielded 3 separate gage readings. Therefore, the experimental strains for the ulna
and radius were averaged from 9 and 15 gage readings, respectively. The variability over the
repeated readings in each bone was relatively small. The variability for the 5 ulna samples
was 20 L, 24 pe, 52 Y, 75 pe, and 4 pe whereas the variability for the 3 radius samples was
26 e, 54 pe, and 43 pe. As shown in Figure 4, the experimental strains were 77% higher in
the ulna compared to the radius.

Figure 5 shows the DIC strain measurements obtained from different ROI locations and lens
magnifications. The negative DIC strain values for the medial ROIs and the positive DIC
strain values for the lateral ROIs indicate that the DIC system is sensitive to variations in the
ROI location. Figure 5 also shows a range of DIC strain measurements that could be
attributed to differences in magnification. Since a higher magnification leads to a higher
ROI resolution and hence a higher sensitivity to measuring the displacements, we
anticipated a rise in the average DIC strain values as the magnification increased from 2x to
4x. In addition, one-way ANOVA was performed to confirm that the DIC strains were not
significantly different due to changes in magnification.

Figure 6 compares strain gage and DIC values for the medial ulna and medial radius at
magnifications of (A) 2x, (B) 3x, and (C) 4x. At all three magnifications, DIC detected
significant increases in strain compared to gage readings. For instance, the average DIC
strains for the medial ulna were 1.8, 2.0, and 2.1 times higher than the corresponding gage
readings at 2x, 3x, and 4x, respectively. Similarly, the average DIC values for the medial
radius were 2.5, 2.9, and 3.1 times higher compared to the gage values at 2x, 3x, and 4x,
respectively.

Despite its advantages over traditional strain gaging, the 2D-DIC method can be influenced
by factors such as noise and out-of-plane motion. Table 1 shows the average noise detected
within the DIC system and how much it contributes to the DIC strain measurements on the
forearm surface. Estimated noise ranges were 4679 e in the lateral radius, 53-93 pe in the
lateral ulna, 68-110 e in the medial radius, and 70-92 e in the medial ulna. The noise
level did not vary substantially based on the ROI location or the magnification selected.
More importantly, these results indicate that noise constituted less than 4.5% of all DIC
strain measurements. After quantifying the noise within the DIC system, we also developed
a finite element model of the mouse forearm to approximate the out-of-plane motion (i.e.
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bone deformations toward and away from the focal plane of the camera). The FE model
exhibited out-of-plane displacements of approximately 80 um in the ulna midshaft and 40
pum in the radius midshaft (Supplemental Fig. 4). After performing DIC on a reoriented
forearm specimen, we found that the out-of-plane displacements were approximately 7 pm
for the ulna and 54 pm for the radius.

4. Discussion and Conclusions

4.1 Ulna and Radius Comparison

We found that experimental strains were 77% higher in the ulna compared to the radius
(Figure 4). The significant difference in strains between these two bones highlights the need
for characterizing the mechanical response of both the ulna and radius. The merits of
assigning separate mechanical properties to each forearm bone has been shown in a previous
work that compared numerical results between an ulna-only forearm model (UM) and an
ulna-radius forearm model (URM) [42]. The radius proved to be more challenging in terms
of not only attaching the strain gages but also collecting reliable data, (only 3 of 5 radii
tested gave usable data). We believe that the curvature and limited contact surface of the
radius in a few samples prevented proper adhesion of the strain gage sensing region and
resulted in the gages not working properly during the testing phase. However, the gage
readings that were successfully collected from the radius should provide a basis of
comparison for other investigators who may be interested in characterizing the strain
response of the radius under mechanical loading.

4.2 Strain Gage Stiffness Effect

In the mouse forearm loading model, wrist flexion causes the medial bone surfaces to
experience compression whereas the lateral bones surfaces experience tension. The presence
of a strain gage on the medial surface would inhibit bone deformation on the medial side
and, in turn, on the lateral side of the forearm as well. Any large decreases in strain could be
attributed to this altered mechanical loading of the forearm as well as the irregular
geometries and heterogeneous properties of the bones themselves. Figure 7 compares the
third loading cycle in forearms (n=5) before and after strain gages were attached to the bone
surface. For each forearm, we observed a stiffer mechanical response as evidenced by a
decrease in displacement despite identical load amplitudes. Bone deformations were
quantified by calculating the stiffness (i.e. slope) of the unloading curves. We found that
after gages were applied, the stiffness values increased by a factor of 1.2 — 2.3 (Table 2).
These results coincide with the strain gage vs. DIC comparisons (Fig. 6), which suggest that
gluing strain gages onto the bone surface leads to an artificially stiffer mechanical response.

4.3 Strain Gage and DIC Comparison

Although strain gages have been used traditionally for measuring the strain response in
mouse bones, DIC is a method with benefits that include non-contact measurement and
enhanced resolution. Another important advantage of the DIC approach is the ability to
measure strains across the entire bone surface, whereas strain gage positioning is limited by
the surface available for gluing the gage. Furthermore, the strain response is better captured
through DIC versus strain gaging, which can underestimate the true strain values due to an
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artificial stiffening caused by gluing strain gages to the bone surface. The objective of this
study was to quantify this underestimation in bone surface strains by comparing DIC strain
measurements with strain gage readings. We observed that the average DIC strain values
exceeded the corresponding average gage values by a factor of 1.8 — 2.1 in the medial ulna
and by a factor of 2.5 — 3.1 in the medial radius (Fig. 6). These differences in strain suggest
that DIC better characterizes the strain response in the mouse forearm loading model
compared to conventional strain gaging.

Since only black paint was applied in the current study, we believe that the speckling
process did not alter bone surface properties or only led to a minimal change. It is also
possible for DIC strain measurements to vary with different sets of speckle coating, but we
removed this confounding factor by utilizing a high precision airbrush to standardize the
speckling procedure. Previous studies have suggested applying a printed speckle pattern to
the bone surface, but this technique would be difficult due to the size and geometry of
mouse bones [34, 35]. As recommended by [28], the best way to control the speckle size and
to apply a consistent pattern is to use a high precision airbrush. Although changes in water
content could also alter the mechanical properties of bone, we prepared all samples in the
same manner and believe that any reduction in water content should be similar between
specimens.

4.4 ROI Location Effect

Figure 5 shows that DIC strain measurements were strongly influenced by variations in the
ROI location. We found that the DIC code reported positive strains for the lateral ROls and
negative strains for the medial ROIs. This finding is important because it verifies that the
DIC system is capable of differentiating strain responses based on the ROI assigned.
Furthermore, the sign conventions are consistent with the axial compression loading model
because wrist flexion during mechanical loading causes the medial surfaces of the radius and
ulna to experience compression while the lateral bone surfaces experience tension.

As shown in Figure 2, both the lateral and medial surfaces can experience a mixture of
tension and compression due to the heterogeneous properties of bone. A similar behavior
was observed by Hein [33] after performing DIC of the mouse tibia. Since the strain
contours are displayed at approximately 1/8 of a loading cycle, Figure 2 shows more clearly
a mixture of tension and compression. At the end of a full loading cycle (2.25 N), however,
the full strain contour coincides with either a predominantly tensile response (i.e. varying
shades of red) for the lateral ulna surface or a predominantly compressive response (i.e.
varying shades of blue) for the medial ulna surface (Supplemental Fig. 5).

4.5 Lens Maghnification Effect

Arise in the average DIC strain values was anticipated for all 4 ROls as the magnification
increased from 2x to 4x. In general, a higher magnification leads to greater image resolution
and thus a larger number of pixels that constitute a particular ROI. For instance, the length
of the sensing grid on the strain gage is 510 um, but the number of pixels used to represent
this distance is different for each magnification. At 2x, 3x, and 4x, a distance of 510 pm
corresponds to 86, 144, and 172 pixels, respectively. There are also differences in the
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number of pixels needed to represent the width of the sensing grid (380 um) at each
magnification. Hence, the ROIs used for strain measurements at 2x, 3x, and 4x are 86 x 64,
144 x 96, and 172 x 128 pixels, respectively. Since each ROI comprises a different number
of pixels at each magnification, it is possible for a higher magnification to capture a slightly
higher strain due to the increased image resolution.

For most cases, the average DIC strain measurements increased in conjunction with a higher
lens magnification (Fig. 5), but these changes in strain were not significant (Table 3).
Interestingly, the lateral ulna showed a 5% lower DIC strain (p=0.893) as the magnification
changed to 3x followed by a 6% lower DIC strain (p=0.999) as the magnification changed to
4x. These decreases in strain with increasing magnification suggest that the DIC system was
able to capture the strain response at all 3 magnifications in the lateral ulna. In addition, the
lateral radius exhibited average DIC strain measurements that were higher than those of the
lateral ulna at 3x (~21%) and 4x (~32%). The increased DIC strain values observed in the
lateral radius could be attributed to two factors. First, forearms without strain gages glued to
the surface would allow the radius to bend more freely during loading, subsequently
generating higher DIC strain values along the surface of the radius. Second, the ulna may
not always carry the majority of the mechanical load during forearm testing [30].
Consequently, load sharing between the radius and ulna may occur through other forearm
structures such as the interosseous membrane [7, 43], which remained intact in all forearm
specimens. In summary, we determined that the DIC strain measurements were not
significantly influenced by changes in lens magnification.

4.6 Noise Effect

When assessing other factors that could diminish the accuracy of the DIC strain
measurements, we determined that noise could be an issue due to sources of vibration (e.g.
laboratory floor and HVAC system). Consequently, adjustment columns and an
antivibration table were incorporated into the DIC system to further stabilize the DSLR
cameras during testing, thus minimizing the potential noise. As shown previously in Table 1,
the noise observed at each ROI and lens magnification never exceeded 4.5% of the total
strain. Therefore, noise was not believed to be a major contributing factor in the
measurements of strain using DIC.

4.7 Out-of-Plane Motion Effect

Although 2D-DIC is supposedly limited to capturing strains in planar specimens [16, 22],
this study shows that this technique can be effective at measuring strains on complex, non-
planar specimens such as bone. DIC strain measurements on the forearm were assumed to be
minimally affected by out-of-plane motion since loss of focus was not observed at 2x, 3x, or
4x magnification during testing. In addition, differences between DIC and strain gage values
could be associated with inherent biological factors (e.g. bone curvature and surface texture)
as well as experimental factors (e.g. forearm positioning and lateral bone deformation).
When comparing results from the FE model and DIC of the reoriented forearm, we found
that out-of-plane displacements varied by 73 um in the ulna midshaft and 14 um in the
radius midshaft. One possible explanation for the differences between the FE and DIC out-
of-plane deformations could be the simplified geometry of the FE model, which did not
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include the paw and subsequently may have slightly altered the load distribution through the
two bones. Based on these results, we believe that out-of-plane motion did not have a major
influence on the on the variability of the DIC strain measurements.

4.8 Limitations and Concluding Remarks

This study highlights the benefits of the DIC method over traditional strain gaging, but each
technique has its limitations. When strain gaging mouse bones, especially forearms, it can be
difficult not only to attach the gages but also to collect reliable data. This was evidenced by
the reduced sample sizes for the radius (n=3) versus the ulna (n=5) due to a failure to obtain
reliable data in 2 of the 5 radii tested. We attribute this to poor adhesion of the strain gage
sensing region, which could be due to the limited contact surface and curvature of the radius.
For the 2D-DIC method, it is important that the deformations are low and stay as close to in-
plane as possible. If bone deformations are excessive due to out-of-plane motion, then the
3D-DIC technique must be employed. Another factor to consider is the time and expense
required to build an appropriate DIC system that includes features such as multiple cameras,
custom fixtures for the loading device, and software. Additional components may also be
necessary to facilitate smoother performance of DIC experiments. Two examples include an
antivibration table for minimizing environmental noise from laboratory floors and HVAC
systems as well as repurposed microscope bases that allow both vertical and horizontal
camera adjustment. Furthermore, when applying DIC to bones it is important to collect a
sufficient number of specimens to perform an appropriate load-strain analysis followed by
the actual loading experiments. This factor is especially critical since specific loading
regimens made be needed for different mice in order to elicit a predetermined strain
response and then correlate it with variables such as age, gender, bone, or genetic
background. Lastly, the current study analyzed forearms that were collected from mice with
up to a 2-week difference in age. These mice were past the peak bone growth phase and we
did not anticipate the bone development to vary substantially over this period, but this age
range nonetheless may have contributed to some variability in the strain measurements.

Although our lens is capable of magnifications of 1x-5x, we decided not to use the extremes
of 1x and 5x in the current study. We did not utilize the 1x magnification because the bone
size was relatively small in relation to the field of view. We also did not use the 5x
magnification because the field of view eliminated other bone regions (i.e. distal and
proximal ends of the forearm) from being analyzed through DIC. Therefore, we decided to
proceed with 2x-4x in our DIC experiments. Since we did not know initially which
magnification would be optimal for DIC of the mouse forearm, we incorporated this variable
into the current study. Ultimately, we believe that 3x provides the best option for DIC
system in this study due to the wider field of view and higher signal-to-noise ratio (SNR)
compared to 4x and 2x, respectively.

From an experimental standpoint, the DIC method can be adapted to analyze a variety of
bones provided that out-of-plane motion is minimal and strain gage readings are available
for comparison. The full strain field obtained from DIC can also provide insight on the strain
distributions in regions away from the typical strain gage location, which is usually the
midshaft of the bone. Strain analysis of regions closer to the proximal and distal ends of the
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bone are achievable through DIC yet challenging via strain gaging due to the limited bone
surface area available for attaching the strain gages. More importantly, the full strain field
obtained through DIC would be especially useful for biologically validating finite element
(FE) models since DIC captures localized strain fields that are more likely to correlate with
the heterogeneous properties of bone; whereas strain gages only capture a spatial average of
the strain over a restricted region.

In this study, we devised a system for non-contact strain measurement of the TOPGAL
mouse forearm undergoing axial compression. We then utilized strain gages and DIC to
analyze strains on the bone surfaces of both the ulna and radius. Strain gage and DIC
measurements confirmed that ROI location alters the peak-to-peak strain response.
Meanwhile, factors such as lens magnification and noise did not significantly change the
DIC strain values. The out-of-plane deformations for the ulna and radius, which were
determined through both FE modeling and DIC, indicated that the DIC results were not
strongly influenced by out-of-plane motion. DIC is not only a viable non-contact method of
strain measurement, but this technique also facilitates a wider range of analytical capabilities
that cannot be achieved using strain gages (e.g. multiple ROI locations, variable ROI
dimensions, multidimensional strain contours). Most importantly, however, this study
suggests that better representations of the strain response can be achieved through DIC
rather than strain gages, which most likely underestimate strains due to the artificially stiffer
response caused by their attachment to the bone surface. Future work will utilize this DIC
system to conduct studies designed to examine strain differences based on gender and age.
Our ultimate goal is to use the bone surface strain mapping to investigate if the
heterogeneous activation of Wnt/B-catenin signaling is predominantly influenced by a
minimum strain threshold or osteocyte mechanosensitivity that progressively worsens with

aging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Study the use of Digital Image Correlation (DIC) to measure strains in mouse
bones

Compare the DIC strain measurements to strain gage readings from ulna and
radius

DIC strain measurements on the bone surfaces exceeded strain gage readings

Strain gages can stiffen the bone leading to an underestimation of the strain
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Representative plots of the strain history in the (A) lateral radius and (B) medial radius for
different lens magnifications. Positive peak-to-peak strains denote tension while negative
peak-to-peak strains denote compression.
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Figure 2.
Representative strain contour plots on the lateral and medial surfaces of the ulna at 1/4 of a

loading cycle. The gradient values represent percentages (0.4% = 0.04 strain = 4000
microstrain). (A) The strain contour on the lateral ulna shows a nonuniform tensile strain
response. (B) The strain contour on the medial ulna shows a nonuniform compressive strain
response.
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Figure 3.
Load-strain relationships after performing strain gaging and DIC on the medial ulnas of the

same set of forearms (n=4).
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Comparison of average peak-to-peak strains (Mean + SD) after strain gaging the medial
surface of each bone. Negative strains denote compression.
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Comparison of average peak-to-peak strain measurements (Mean + SD) after performing
DIC at different magnifications. Negative strains denote compression while positive strains

denote tension.
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Comparison of average peak-to-peak strain measurements (Mean + SD) from strain gaging
and DIC at (A) 2x, (B) 3x, and (C) 4x. The significance threshold was set at 0.05, and

negative strains denote compression.

Bone. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Begonia et al. Page 23
(A) 23 r Forearm #1 (B) 23 r Forearm #1
2K [ S— Forearm #2 7 21 k - Forearm #2
Forearm #3 / Forearm #3
12 F —Forearm #4 F 19 ——Forearm #4
1Z | wue Forearm #5 ’{,r j’,‘ 17 S8 is Fi5 e Forearm #5
A
=15 & =15
z s z
o 13 "',: g 13 }
o} * o
=11 J41 L
09 } S 09 |
0.7 07
0.5 05
03 * ; 03 € ' : ~ '
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
Displacement (mm) Displacement (mm)

Figure 7.

Load-displacement plots from the same set of forearms (n=5) (A) before attaching strain

gages and (B) after attaching strain gages.

Bone. Author manuscript; available in PMC 2016 December 01.




1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Begonia et al.

Page 24

C

Time (s)

0 5 10 15 20 25
0 T T .I '-J. . 1

Out-of-Plane Displacement (um)

Figure 8.
(A) 4x image of the ulna midshaft and designated ROI after rotating the forearm 90° relative

to the original orientation. (B) Representative plot showing the out-of-plane displacement in
the radius midshaft due to loading only.
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Summary of stiffness values calculated unloading curves of forearm samples before and after strain gages

were attached.

Stiffness (N/mm) of Unloading Slope
Forearm No.
Before Strain Gages Attached | After Strain Gages Attached

1 18.7 31.3
2 27.8 46.2
3 23.7 54.9
4 20.0 43.6
5 21.8 27.0
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Table 3

Summary of p-values showing no significant changes in DIC strain measurements due to changes in lens
magnification.

ROI Location | Magnification Comparison | p-value
2X vs. 3x 0.833
Medial Ulna 2x vs. 4x 0.306
3X vs. 4x 0.589
2X vs. 3X 0.486
Medial Radius 2X vs. 4x 0.422
3X vs. 4x 0.940
2X vs. 3x 0.893
Lateral Ulna 2x vs. 4x 0.871
3X vs. 4x 0.999
2X vs. 3X 0.493
Lateral Radius 2X Vs, 4x 0.429
3X vs. 4x 0.993

1duosnue Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

Bone. Author manuscript; available in PMC 2016 December 01.



