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a b s t r a c t

An improved understanding of the mechanical properties of human femurs is a milestone towards a more
accurate assessment of fracture risk. Digital image correlation (DIC) has recently been adopted to provide
full-field strain measurements during mechanical testing of femurs. However, it has typically been used
to measure strains on the anterior side of the femur, whereas in both single-leg-stance and sideways fall
loading conditions, the highest deformations result on the medial and lateral sides of the femoral neck.
The goal of this study was to measure full-field deformations simultaneously on the medial and lateral
side of the femoral neck in a configuration resembling a fall to the side. Twelve female cadaver femurs
were prepared for DIC measurements and tested in sideways fall at 5 mm/s displacement rate. Two pairs
of cameras recorded the medial and lateral side of the femoral neck, and deformations were calculated
using DIC. The samples exhibited a two-stage failure: first, a compressive collapse on the superolateral
side of the femoral neck in conjunction with peak force, followed by complete femoral neck fracture at
the force drop following the post-elastic phase. DIC measurements corroborated this observation by
reporting no tensile strains above yield limit for the medial side of the neck up to peak force. DIC mea-
surements registered onto the bone micro-architecture showed strain localizations in proximity of cor-
tical pores due to, for instance, blood vessels. This could explain previously reported discrepancies
between simulations and experiments in regions rich with large pores, like the superolateral femoral
neck.

� 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Hip fractures represent a major socioeconomic issue, which is
predicted to continue to grow as a consequence of the ageing soci-
ety (Ahlborg et al., 2010; Svedbom et al., 2013). These fractures are
most common in the elderly population (Arakaki et al., 2011) and
often result from a relatively low-energy impact such as a fall from
standing height (Berry and Miller, 2008; Geusens et al., 2003;
Harvey et al., 2016). The current diagnostics based on areal bone
mineral density has shown limited accuracy in timely identifying
the subjects at risk. About 50% of the women and 70% of the men
with a fragility fracture had no osteoporosis at the time of fracture
(Sandhu et al., 2010). This has led the biomechanics community to

investigate what the true mechanical determinants of femoral
strength are. One important part of this investigation consists in
using experimental techniques to capture the local mechanical
behavior of bone under loading (Cristofolini et al., 2010; Dall’Ara
et al., 2013; Fleps et al., 2018; Gilchrist et al., 2013; Rezaei and
Dragomir-Daescu, 2015).

For many years, the state-of-the-art method to measure defor-
mations on the surface of femurs during mechanical testing has
been to use strain gauges (SGs) (Cristofolini et al., 2010; Grassi
and Isaksson, 2015). Despite providing accurate and reliable mea-
surements, SGs are limited to measurement of deformations on a
small number of pre-defined regions (maximum 10–15 on a prox-
imal femur (Grassi and Isaksson, 2015)), which is a limitation when
investigating the mechanical response in the region where frac-
tures will happen. Digital image correlation (DIC) has been intro-
duced to record the full-field displacements over larger areas of
the sample at high spatial resolution (Sutton et al., 1983). DIC is
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a non-contact optical technique that tracks the displacement of
randomly distributed speckles during mechanical testing using
camera recordings. Deformations can then be derived from the
full-field displacements. For samples with high surface curvature,
or when out-of-plane motions occur, stereoscopic camera record-
ings (3D-DIC) are needed (Sutton et al., 2008). While a number of
studies used DIC on femurs (Dickinson et al., 2011; Helgason
et al., 2014; Jetté et al., 2018; Op Den Buijs and Dragomir-
Daescu, 2010; Väänänen et al., 2013), only few have used 3D-DIC
on human cadaver femurs (as opposite to composite femurs, which
are less clinically relevant (Palanca et al., 2016)). Gilchrist et al.
(2013) used 3D-DIC on the anterior surface of the femoral neck,
where SG measurements were also simultaneously collected, find-
ing good correlation between the strains measured with the two
techniques. The image-to-image noise in DIC was < 6% of the yield
strain in bone. The authors of the present study have previously
performed 3D-DIC on 3 cadaver femurs (Grassi et al., 2014), col-
lecting deformations on the anterior surface of the femurs during
mechanical tests in single-leg-stance configuration. Both these
studies used DIC to retrieve the full-field strain pattern on the
anterior surface of the femurs. This is likely because the anterior
surface is relatively flat and easier to prepare for DIC measure-
ments. However, bone failure is expected to happen either on the
medial or lateral side of the femoral neck for the two configura-
tions typically explored during experimental measurements, that
is, single-leg-stance and fall to the side (de Bakker et al., 2009).

Consequently, the aim of the present study was to obtain
insights on the mechanical behavior of human femurs subjected
to a fall to the side using simultaneous 3D-DIC measurements on
the medial and lateral sides of the femoral neck.

2. Material and methods

2.1. Material

Twelve fresh-frozen cadaver femurs were collected from female
donors (median age 71 years, range 22–88 years, table 1) with no
pre-existing conditions known to affect bone metabolism. The Fin-
nish National Authority for Medicolegal Affairs approved collection
and use of cadaveric tissue (TEO, 5783/04/044/07). The femurs
were imaged with a DXA scanner (Lunar iDXA, GE Healthcare) to
obtain areal bone mineral density (aBMD) values. Computed
tomography (CT) scans were acquired to compare the deforma-
tions measured on the femoral surfaces with the underlying
microarchitecture, using two CT scanners: a clinical one (Siemens
Somatom AS, pixel size 0.4–0.5 mm, slice separation 0.6 mm, tube
voltage 120 kV, tube current 210 mAs) and a high-resolution labo-
ratory x-ray tomographic device (Nikon XT H225, isotropic voxel
size 52–60 mm, 100 kVp, 200 mAs).

2.2. Methods

Specimen preparation: soft tissue was removed from the cada-
ver femurs using scalpel and sandpaper. The femurs were then
resected 8 cm distally of the minor trochanter and the most distal
5 cm were embedded in epoxy (Technovit� 4071, Kulzer GmbH)
according to the anatomical reference system depicted in Fig. 1.
Stainless steel spherical caps were applied with epoxy to the
femoral head and the greater trochanter in order to prevent local
crushing. The spherical caps were aligned to have their plane per-
pendicular to the loading direction during the experiment.

The femurs were prepared for DIC measurements by applying a
matt white background on the medial and superolateral side of the
femoral neck, using spray paint (Dupli-color Platinum, Motip-Dupli
GmbH). Following drying of the matt white background, a random
speckle pattern was applied using an airbrush spray-pump with a
permanent marker, resulting in a coverage of ~ 20–40% and a
speckle size of 0.002–0.1 mm2 (Fig. 1).

Experimental setup: the loading jig was developed based on a
previously proposed setup (Zani et al., 2015, 2013), which gave
good results in terms of avoiding over-constraints and ability to
adjust the sample orientation with ease and accuracy (Fig. 1).
Briefly, the distal constraint allowed free tilt in the vertical plane,
while all other rotations and translations were constrained. The
greater trochanter rested over a system of two orthogonal linear
bearings, which minimized any non-vertical force component.
The loadwas applied to the femoral head by the actuator of the test-
ing machine (Instron� 8511.20, Instron Corp) at a controlled speed
of 5 mm/s until macroscopic failure of the specimen was reached
(defined as a drop in the measured force of 70% of the peak force).
The actuator of the testing machine was sprayed with lubricant to
minimize non-vertical force components. The femurs were tested
in a configuration resembling a posterolateral fall, with an internal
rotation of 15� and an adduction angle of 10� (Backman, 1957).

DIC recordings and processing: the experiments were
recorded using two pairs of cameras, one recording the medial side
of the femoral neck and the second recording the superolateral
aspect of the femoral neck.

� The pair of cameras recording the medial side of the femoral
neck, hereafter ‘‘medial cameras”, consisted of two Photron
Fastcam Mini AX200 (Photron, Inc.) recording at 6400 fps at
1024 � 1024 pixels (resulting in a resolution of about 20
pixel/mm with the adopted camera positioning), pan
angle ~ 16�.

� The pair of cameras recording the superolateral side of the
femoral neck, hereafter ‘‘lateral cameras”, consisted of two Pho-
tron Fastcam-X 1280 PCI (Photron, Inc.), recording at 500 fps at
1024 � 1280 pixels (resulting in a resolution of about 18 pixel/
mm with the adopted camera positioning), pan angle ~ 38�.

Table 1
Donor information for the twelve femurs used in this study.

Specimen ID Sex [M/F] Age [yrs.] Height [cm] Weight [kg] Side [L/R] aBMDneck [g/cm2]

CAD045 F 70 164 120 R 0.818
CAD046 F 83 160 56 L 0.670
CAD047 F 68 162 62 L 0.989
CAD049 F 85 160 48 L 0.429
CAD050 F 22 174 96 R 1.053
CAD051 F 67 174 98 R 0.643
CAD052 F 68 N/A N/A L 0.739
CAD053 F 88 N/A N/A L 0.550
CAD054 F 81 160 67 R 0.736
CAD055 F 80 153 77 L 0.830
CAD057 F 71 166 64 R 0.917
CAD060 F 59 163 55 L 0.971
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The two sets of cameras were simultaneously recording inde-
pendently of each other, but shared the same end trigger signal,
which allowed for synchronization of the recorded images to
within one frame of the slowest pair of cameras (corresponding
to 2 ms). A digital acquisition system was used (Isi-DAQ-STD-8D,
Isi-Sys GmbH) to sample the analogue recordings of the applied
force (load cell M211-112, SensorData Technologies, Inc.) and pro-
vide measurements of force that were synchronized with the clock
signal of the medial cameras. This allowed synchronizing the
force–displacement signals recorded at the crosshead of the testing
machine with both the medial and lateral camera recordings.

Image correlation was performed with Vic-3D (v7, Correlated
Solutions, Inc.). The subset size was chosen as the one that pro-
vided an estimated 1-standard deviation confidence in the match
below 0.02 pixels, according to the manufacturer’s recommenda-
tion (Sutton et al., 2009). This resulted in a subset size of 45 pixels
for the medial cameras and 35 pixels for the lateral cameras. The

step size was 9 pixels for the medial cameras and 5 pixels for the
lateral cameras.

The DIC displacements at each point in space were filtered
using a low-pass filter in time at a cut-off frequency of 100 Hz. This
methodology proved to be effective in removing high-frequency
vibration components from the signal whilst being more conserva-
tive than conventional filters based on spline fitting of the derived
strains (Grassi et al., 2014). Green-Lagrange strain components
were derived from the filtered displacement data using a spatial
decay filter of 5 data points. These settings resulted in a virtual
strain gauge size (that is, the size of the region of the image that
affects the strain value at each location, (International Digital
Image Correlation Society et al., 2018)) of ~ 4 mm and ~ 3 mm
for medial and lateral cameras, respectively.

Data post-processing: from the force–displacement data, peak
force was calculated as well as the force at macroscopic failure. The
latter was identified as an abrupt change (Killick et al., 2012) in the

Fig. 1. a) CAD drawing of the jig used to test the femurs in a configuration resembling a fall to the side. The red landmarks define the anatomical frontal plane and were
defined as the three contact points of the proximal femur when placed anterior side down on a flat surface. The two blue landmarks define the shaft axis of the femur. The
shaft axis together with the anterior plane define the anatomical reference system used to align the samples into the jig. b) Picture of one of the samples placed under the
loading jig, the black speckle pattern applied over the medial side of the femoral neck is visible. c) Illustration of the tool used to apply the black speckle pattern. d) A picture
of the experimental setup, showing the position of lateral and medial cameras with respect to the tested femur. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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mean of the inverse 1-D Haar transform of the applied force signal.
Work-to-fracture was calculated for each specimen as the area
under the force versus displacement curve until peak force was
reached.

The clinical CT images were segmented according to an estab-
lished procedure (Grassi et al., 2016), whilst the high-resolution
CT images were segmented using single threshold. Both geome-
tries were registered to each other and to the DIC data using iter-
ative closest point in CloudCompare (version 2.10.2,
www.cloudcompare.org) to allow plotting the DIC measurement
over the microstructural features of the bone.

3. Results

Global measurements: The peak force for the twelve samples
was 3948 ± 1231 N (range 1515–5477 N, table 2). Macroscopic fail-
ure of the samples was reached in 2.04 ± 0.58 s (range 0.72–2.80 s).
All force–displacement curves were characterized by a peak force
reached within 0.95 ± 0.35 s (range 0.46–1.61 s), followed by a
post-elastic phase prior to macroscopic failure of the specimens
(Fig. 2). The coefficient of determination R2 for the displacement–
time curves was > 0.99 for all tests. All samples except one
exhibited a two-stage fracture. First, there was a collapse in the

posterolateral aspect of the femoral neck near the trochanteric
fossa, followed by the macroscopic fracture occurring on the med-
ial side of the femoral neck. Please see online supplementary
videos V1-V12 to view the synchronized videos of the two camera
sets and the force–displacement curves for all femurs. The frac-
tures were classified as 5 pertrochanteric, 5 basicervical, 1 intertro-
chanteric, 1 midcervical (Table 2 and supplementary Figure A2,
((Meinberg et al., 2018)).

The peak force correlated well with femoral neck aBMD
(R2 = 0.67, RMSE = 739 N, Fig. 3). Linear regression for the peak
force as a function of the donors’ age indicated a slightly higher
correlation when the youngest donor was removed (R2 = 0.45,
RMSE = 925 N) as compared to when all femurs were included
(R2 = 0.42, RMSE = 981 N). This was accompanied by a considerable
difference in the slope of the linear regression (�46 N/year versus
�87 N/year, Fig. 3). Conversely, the linear regression of the work-
to-fracture as a function of age showed a better linear regression
where all femurs were included (slope = �289 Nmm/year,
R2 = 0.68, RMSE = 3626 N), compared to when the youngest donor
was removed (slope = �300 Nmm/year, R2 = 0.37, RMSE = 3820 N).

DIC strain data: The strains calculated with DIC from both lat-
eral (major principal strain) and medial (minor principal strain)
cameras at four different stages of the test, 50%, 75%, 100% of the
peak force and at complete fracture were reported in Fig. 4. The
plots showed no tensile strains above the yield limit (7300 me,
(Bayraktar et al., 2004)) at peak force, whereas high compressive
strains were already present on the superolateral side of the
femoral neck. The major principal strain directions on the medial
side of the neck aligned more consistently with the neck axis for
increased values of the applied force (variance of the polar angle
of the major principal strain direction vector going from 133� at
50% of the peak force to 35� at peak force and 8� right before tensile
failure, Fig. 5). Conversely, the minor principal strain directions on
the superolateral side of the femoral neck were always consistently
aligned with the neck axis at the analyzed stages of the load curve
(variance of the polar angle of the minor principal strain direction
vector always ~ 2�, Fig. 5).

Superimposition of DIC principal strains recorded at 50% of the
peak force with the femoral geometry as obtained from segmenta-
tion of the high-resolution CT images showed that strain localiza-
tions could be detected in proximity of pores in the cortex (caused
by, for example, blood vessel insertions, Fig. 6).

Table 2
Peak force, work-to-fracture and fracture classification for the twelve femurs used in
this study. The fracture classification was performed by the first author by visual
inspection of the samples, based on (Meinberg et al., 2018).

Specimen
ID

Peak force
[N]

Work-to-fracture
[Nmm]

Fracture
classification

CADO45 3975 8358 Pertrochanteric
CADO46 2383 3728 Pertrochanteric
CADO47 4451 8876 Basicervical
CADO49 1515 1705 Pertrochanteric
CADO50 5477 23250 Basicervical
CADO51 4531 8895 Intertrochanteric
CADO52 4246 12642 Basicervical
CADO53 4706 12938 Basicervical
CADO54 2520 3443 Pertrochanteric
CADO55 3523 6259 Basicervical
CADO57 4718 7437 Midcervical
CADO60 5325 16901 Pertrochanteric

Fig. 2. Force-displacement curves for the twelve samples tested.
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4. Discussion

The aim of this study was to investigate the local mechanical
behavior of human femurs under a loading resembling a fall to
the side using simultaneous DIC recordings on the medial and lat-
eral side of the femoral neck.

All 12 femurs but one showed a clear two-stage fracture, as
indicated by the force versus displacement curves (Fig. 2). Peak
force was followed by a post-elastic phase that lasted until macro-
scopic failure of the sample; the latter was identified as a crack
opening on the medial side of the femur. The simultaneous camera
recordings on lateral and medial side of the femoral neck showed
that the drop in the reaction force after reaching peak force was
associated with compressive damage on the medial side of the
femurs (Figs. 4, 5, and supplementary videos V1-V12). These find-
ings were in agreement with previous studies reporting that
femoral fractures originate in the superolateral aspect of the
femoral neck during sideways fall (de Bakker et al., 2009; Zani
et al., 2015). A recent study (Tang et al., 2017) shows that this frac-
ture mechanism is clinically relevant, as compression-induced fail-
ure was found in clinical hip fracture cases.

The DIC measurements provided in this study further corrobo-
rate the hypothesis of a compressive-induced failure in sideways
fall. The strain maps for the two contralateral sides of the femoral
neck at different load stages show that the medial aspect of the
femoral neck was not subjected to deformations (major principal
strains, Fig. 3) above or near the yield limit in tension for cortical
bone (7300 me, (Bayraktar et al., 2004)) until peak force had been
passed. Conversely, DIC measurements on the lateral side of the
femoral neck showed large regions subjected to compressive
deformations (minor principal strains, Fig. 4) above the yield limit
in compression for trabecular bone (10400 me, (Bayraktar et al.,
2004)) already before reaching peak force.

The obtained fractures were classified as 5 pertrochanteric, 5
basicervical, 1 intertrochanteric, 1 midcervical. This distribution
of fracture types was in agreement with previous studies using
similar setups. Zani et al. (2015) reported 4 intertrochanteric, 4 col-
lapses of greater trochanter, 1 sub-capital and 2 neck fractures
using a very similar setup. The updated setup presented in this
study managed to avoid the undesired collapses on the greater tro-
chanter. De Bakker et al. (2009) reported 7 neck fractures and 5
intertrochanteric fractures. Interestingly, Fleps et al. (2019) also
reported a similar distribution of fracture types (11 bones, 3 non-
fractures, 3 intertrochanteric, 1 basicervical, 1 subcapital, 3 pelvic)
using a more complex and biofidelic setup that included pelvis
compound and soft tissue mimicking in a drop test.

aBMD at the femoral neck was a good predictor of peak force
(R2 = 0.67, RMSE = 739 N, Fig. 3), consistently with previous liter-
ature findings (Rezaei and Dragomir-Daescu, 2015). Both peak
forces and work-to-fracture correlated well with the age of the
donors (Fig. 3). One cadaver was much younger than the rest
(age 22, table 1), and by excluding that one from the analysis,
the peak force decreased linearly with increasing age: peak force
[N] = -87*age [years] + 10284 [N]. This result is in close agreement
with what was reported by Rezaei and Dragomir-Daescu (2015) on
67 cadaver femurs from elderly female donors (peak force
[N] = �86*age [years] + 9400 [N]). We also calculated the variation
of the work-to-fracture as a function of the age and, interestingly,
found a good correlation also when including the youngest sample
in our cohort (Fig. 3). The authors are not aware of any study
reporting work-to-fracture versus age for human femurs, although
this is a common metric in animal studies (Carriero et al., 2014;
Uppuganti et al., 2016). It is important to point out that the
work-to-fracture has been calculated using displacement measure-
ments at the crosshead of the testing machine, thus including the
compliance of the experimental setup. This can affect the absolute
values of the calculated work-to-fracture. However, the consis-
tency of the boundary conditions and the similar load range
between samples (Table 2) suggest that compliance has the same
effect on all samples, thus allowing relative comparison. It is there-
fore interesting to observe how this parameter seems to decline
already from a younger age in our sample. Future studies may col-

Fig. 3. a) Linear regression for the recorded peak force as a function of femoral neck
BMD; b) Linear regression for the recorded peak force as a function of the age of
donors at death. Trendlines are shown for all samples together (black) and when
CAD050 (depicted in orange) was left out (blue) due to its younger age; c) Linear
regression for the work-to-fracture as a function of the age of donors at death.
Trendlines are shown for all samples together (black) and when CAD050 (depicted
in orange) was left out (blue) due to its younger age.
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lect data from larger sample cohorts and further investigate such
trend, as deeper insights were out of the scopes of the present
work.

The present study is the first one reporting a synchronized mea-
surement of strains on the medial and lateral side of the femoral

neck during a fall to the side using 3D-DIC. The novelty of this
approach came together with some limitations.

One limitation was that the medial cameras had lower record-
ing speed (500 fps versus 6400 fps) than the lateral cameras. The
slowest cameras dictated therefore the displacement rate of the

Fig. 4. Major principal strain magnitudes on the medial side of the femoral neck and minor principal strain magnitudes on the superolateral side of the femoral neck for
CAD054 at four different stages of the mechanical test: at 50% of the peak force (depicted with an hexagon on the force versus displacement curve), at 75% of the peak force
(circle), at peak force (square) and at tensile failure (diamond).

Fig. 5. Major principal strain directions on the medial side of the femoral neck and minor principal strain directions on the superolateral side of the femoral neck for CAD054
at four different stages of the mechanical test: at 50% of the peak force (depicted with an hexagon on the force versus displacement curve), at 75% of the peak force (circle), at
peak force (square) and at tensile failure (diamond).
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experiment, which was set to 5 mm/s. This displacement rate is
slower than the impact speed of 3 m/s usually reported for falls
to the side (Feldman and Robinovitch, 2007; Fleps et al., 2018).
However, Gilchrist et al. (2014) reported no differences in terms
of energy, yield force and stiffness between impact loading and
quasi-static testing conducted in a sideways fall configuration.

A second limitation was that the DIC measurements did not
cover the fracture region. Despite recording a broad portion of
the medial and lateral sides of the femoral neck with the video
cameras, the calculation of DIC had to be limited to a smaller por-
tion of the field of view. This was expected, due to the high curva-
ture of the recorded region and the limited depth of focus. Besides,
the compressive collapses in the lateral part of the femoral neck all
took place in the trochanteric fossa, which was difficult to record
due to the shadowing from the greater trochanter.

Finally, the adopted loading condition (10� adduction, 15� inter-
nal rotation) might not be fully representative of a true fall to the
side. The same loading configuration has been used by large num-
ber of authors in the past (for example, (Courtney et al., 1994; de
Bakker et al., 2009; Zani et al., 2015)), but eventually dates back
to a study from 1957 (Backman, 1957) where no real physiological
explanation was provided for that loading configuration. Neverthe-
less, the fractures obtained using this loading configuration and the
presented setup are in good agreement with findings from clinical
fractures (Tang et al., 2017). The presented setup did not include
surrogate soft tissue or whole pelvic compounds as in, for example,
Fleps et al. (2018). However, such setups are not compatible with
full-field strain measurements using optical techniques, which
was our focus.

An interesting finding was observed when evaluating together
the DIC strain measurements and the micro-architecture of the
lateral side of the femoral neck. A localized region experiencing
high compressive deformations was detected already at 50% of
the peak force on the superolateral side of the femoral neck

(Fig. 4). The registration of DIC recordings with the femur geom-
etry obtained from high-resolution CT (Fig. 6) showed that the
onset of high compressive strains coincided with the presence
of a big pore in the cortex due to a blood vessel insertion. How-
ever, compressive failure occurred in the trochanteric fossa, far
from the compressive strain localizations. It can be argued that
the high compressive strains recorded at low force magnitudes
were artefacts due to the movement of the paint covering the
blood vessel hole, but it is also possible that the pore triggered
a high strain localization. Although we were not able to further
corroborate either speculation, this opens interesting questions
for the scientific community, as the lateral side of the femoral
neck is rich in blood vessel insertions. The fact that their presence
has largely been neglected in both experimental measurements
and numerical modelling from clinical CT images could explain
some of the discrepancies reported in previous literature (Grassi
et al., 2012).

In summary, the results presented in this study confirmed pre-
vious evidence that femoral fractures during a sideways fall are the
result of a compressive failure of the femoral neck. The synchro-
nized camera recordings and the associated DIC measurements
on both medial and lateral side of the femoral neck corroborated
this finding. The DIC measurements could also be used in future
studies as a comprehensive benchmark for subject-specific finite
element models, allowing full-field strain validation on the more
relevant regions for proximal femur fractures.
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