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A B S T R A C T

Roux's principle of bone functional adaptation postulates that bone tissue, and particularly trabecular bone
tissue, responds to mechanical stimuli by adjusting (modeling) its architecture accordingly. Hence, it predicts
that the new modeled trabecular structure is mechanically improved (stiffer and stronger) in line with the
habitual in vivo loading direction. While previous studies found indirect evidence to support this theory, direct
support was so far unattainable. This is attributed to the fact that each trabecular bone is unique, and that
trabecular bone tissue tends to be damaged during mechanical testing. Consequently, a unique modeled tra-
becular structure can be mechanically tested only along one direction and a comparison to other directions for
that specific structure is impossible. To address this issue, we have 3D printed 10 replicas of a trabecular
structure from a sheep talus cropped along the 3 principal axes of the bone and in line with the principal
direction of loading (denoted on-axis model). Next, we have rotated the same cropped trabecular structure in
increments of 10° up to 90° to the bone principal direction of loading (denoted off-axis models) and printed 10
replicas of each off-axis model. Finally, all on-axis and off-axis 3D printed replicas were loaded in compression
until failure and trabecular structure stiffness and strength were calculated. Contrary to our prediction, and
conflicting with Roux's principle of bone functional adaptation, we found that a trabecular structure loaded off-
axis tended to have higher stiffness and strength values when compared to the same trabecular structure loaded
on-axis. These unexpected results may not disprove Roux's principle of bone functional adaptation, but they do
imply that trabecular bone adaptation may serve additional purposes than simply optimizing bone structure to
one principal loading scenario and this suggests that we still don't fully understand bone modeling in its entirety.

1. Introduction

Almost twenty years ago, Dr. John Currey wrote the following in-
sightful remark regarding Wolff's law: “Wolff [1] stated (to paraphrase
him) that boney structures modeled so as to fit them to their function.
He wrote a great deal more, of course. The unfortunate thing is that, for
many workers, it seems only necessary to show that bone is adapting,
invoke Wolff's law, and depart, conscious of a day's work well done. No
thought is given as to how the bone models in an adaptive fashion” [1].
Since this statement was written, we have gained much more under-
standing about how bone structure, and more specifically trabecular
bone structure, is adapting its architecture in response to mechanical
stimuli. It is now accepted that Wolff's law as Dr. Julius Wolff originally
meant it [2] - an exact mathematical response of trabecular architecture

to the requirements of maximal performance to minimal weight, is er-
roneous [3]. The more accurate interpretation of bone modeling is
along the lines of Wilhelm Roux's principle of bone functional adapta-
tion - a biological regulatory process governed by mechanical stimuli
that leads to bone formation and resorption, and consequently to bone
adaptation [4,5].

Nevertheless, Dr. Currey's words are as relevant nowadays as they
were then. The complex architecture of trabecular bone tissue, which
yield numerous measurable structural parameters (such as bone volume
fraction and degree of anisotropy, to name just a few) is hard to in-
terpret, especially since various studies point to different parameters
and their combinations as the ones that hold the strongest adaptation
“signal” [6–11]. Furthermore, since trabecular bone exists within a
cortical bone cortex with which it closely interacts and shares its
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mechanical function [12–15], studying trabecular bone adaptation se-
parately may give us an incomplete and limited answer. Hence,
studying how trabecular bone “models in an adaptive fashion” still
poses various difficulties and unknowns. Amongst these unanswered
questions, one key problem persists when we try to understand bone
adaptation. While we know that trabecular bone responds to mechan-
ical stimuli by modeling, we can't directly quantify how well the new
adjusted trabecular structure is adapted to its function. In other words,
we don't really know if the new, modeled trabecular structure is me-
chanically better, worse, or the same compared to the former trabecular
structure. And if a mechanical difference does exist, is the outcome of
adaptation predominantly affecting the principal physiological direc-
tion of loading (making that direction stiffer and stronger compared to
other loading directions), or is it affecting the entire structure regard-
less of the loading direction.

This important problem is derived from two simple facts. The first is
that no two trabecular architectures are identical (even when com-
paring the left and right bones from the same individual). Thus, we can
always mechanically test a specific architecture before it was modeled
or after the fact, but never both states for the same bone [7,16]. As a
result, we can never directly demonstrate the mechanical superiority of
a specific modeled trabecular structure over its former state. The second
fact is that trabecular bone tissue is a fragile structure and it tends to get
damaged and fracture under mechanical testing, hence we generally
can test each unique trabecular structure just once [17,18]. Conse-
quently, we have neither a way to repeat the same mechanical test
several times to improve the accuracy of our results, nor the ability to
mechanically test the same structure in different directions to verify
that the modeled structure is truly adapted to its function (i.e. de-
monstrates superior mechanical properties along the principal physio-
logical direction of loading when compared to other loading direc-
tions).

One technique that can be used to address some aspects of this
problem is finite element analysis (FEA). FEA is a computer-based
method that simulates real world forces and predicts how an object will
behave under these conditions. This is accomplished by segmenting the
object into numerous discrete elements that are connected by nodes,
where each element has its own mathematical equation that describes
its mechanical behavior. FEA is widely used to study the mechanical
behavior of cortical and trabecular bone tissues under various loading
conditions [19–23]. For instance, Bevill and Keaveny [20] examined
the ability of linear versus nonlinear FE models to predict bone strength
in different anatomical sites and across a range of image resolutions and
bone volume fraction (BV/TV). The study results showed that nonlinear
FE models yielded better strength predictions, especially when the re-
solution was below 80 μm (current gold standard resolution of in vivo
HR-pQCT is 82 μm), and in samples with lower BV/TV. Nevertheless,
the authors acknowledged that HR-pQCT tends to overestimate BV/TV
and that this may affect the performance and predictability of these FE
models. In addition, there are several further complexities with FEA
when it is applied to simulate the mechanical outcome of trabecular
modeling. First, to confirm the predictions of FEA, one must always
validate it with in vitro mechanical testing [24,25]. Yet this require-
ment is unachievable when we are trying to simulate the same trabe-
cular structure in different states or to load it from various directions.
Since, as mentioned above, every trabecular structure is unique and
tends to be damaged under mechanical testing, we cannot attain actual
mechanical properties from multiple scenarios and directions of loading
for the same trabecular architecture. Second, as simulating the entire
trabecular architecture is complicated and requires high computational
powers, some studies replace the complex inner 3D trabecular geometry
with a solid non-porous volume of lower stiffness elements [23]. Thus,
the contributions of trabecular structure and its directionality (aniso-
tropy) are lost. Parr et al. [23] demonstrated that FE models that in-
clude trabecular geometry are significantly stiffer than non-porous
trabecular FE models and thus they demonstrate lower strains.

Furthermore, even when the 3D trabecular architecture is preserved or
simulated, FEA studies frequently downscale the resolution of the
model, to enable standard computers deal with the millions degrees-of-
freedom and solve the huge number of equations. Downscaling and
lowering resolution affect how accurate the FE model represents the
actual trabecular structure, especially in case of numerous thinner
trabeculae. For example, Boyle and Kim [21] used 175 μm voxels to
build their simulated human femur, while Christen et al. [22] used
downscaled voxels of 26 μm that were able to represent only trabeculae
thicker than 80 μm in their mice caudal vertebra model. A further
limiting factor of FEA is its comparatively high cost (e.g. Bevill and
Keaveny [20] run their FEA on a cluster parallel supercomputer), the
relatively steep learning curve of this technique, and the computer
coding it frequently requires.

Recent advancements in three-dimensional printing (3DP) enable us
to use this relatively new technique as a supplementary method to
mechanical testing and computer FEA in studying Roux's principle of
bone functional adaptation and the structure-function relationship of
trabecular bone [25–32]. Three-dimensional printing is a form of Solid-
freeform fabrication (SFF), a technique that facilitates the production of
three-dimensional objects from computer aided design (CAD) models.
The production takes place by incremental deposition of two-dimen-
sional printing material layers, until a 3D object is created [33,34]. By
capturing the 3D image of trabecular bone structure using non-invasive
acquisition techniques such as micro computed tomography (micro-CT)
and then the use of computer software for segmentation and re-
construction, it is possible to generate 3D CAD models of trabecular
bone structure. These models are then exported to a 3D printer that can
accurately reproduce the same trabecular architecture as many times as
is required. Finally, these replicas can be mechanically tested in various
conditions and all the results for an individual trabecular sample could
be evaluated and compared. Thus, the use of 3DP enables us to test a
unique trabecular structure in multiple loading directions and sce-
narios. Yet, it is important to understand that when these replicas are
mechanically tested, the actual measured stiffness and strength values
are less important as they will be significantly different than the bone
tissue values. Instead, one should look at the ratio of two or more re-
sults from the same trabecular sample to get new insights into which
model has superior mechanical properties and in which loading or-
ientations [31].

The goal of this study is to support the prediction of Roux's principle
of bone functional adaptation in a direct way for the first time. Roux's
principle of bone functional adaptation postulates that bone structure is
adapting (modeling) in response to mechanical stimuli by depositing
and resorbing bone material and thus it predicts that the new modeled
trabecular structure is mechanically superior along the direction of the
experienced mechanical stimuli which is transmitted from one cortex to
the other. In line with this prediction, and the tension-compression
strength asymmetry of bone, discussed by Bevill and Keaveny [20], we
hypothesized that a modeled trabecular bone structure will demon-
strate higher mechanical stiffness and strength when it is loaded on-axis
in comparison to when it is loaded off-axis. Off-axis mechanical beha-
vior refers to the loads that are tilted to the principal material co-
ordinate system of the trabecular structure. To test our hypothesis, we
have micro-CT scanned and segmented a trabecular bone sample from a
sheep talus. Next, we have cropped the trabecular bone structure in
various angles to its principal direction of loading (ranging from 0° to
90° in increments of 10°) to create on- and off-axis models. Each one of
the resulting models was replicated 10 times using a 3D printer (ProJet
1200). Finally, all replicas were loaded in compression until failure
(Instron 5942) and their mechanical stiffness and strength were mea-
sured. If our working hypothesis is supported, then we expect the
stiffness and strength values for the on-axis model to be significantly
higher compared to the stiffness and strength values for the off-axis
models. On the other hand, if our results demonstrate a different trend –
either no differences between the models or that the off-axis models
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demonstrated higher stiffness and strength values, this will imply that
trabecular bone adaptation may serve additional functions other than
simply optimizing bone structure to one principal loading scenario. In
addition, determining the off-axis mechanical behavior of trabecular
bone is beneficial to understanding the etiology of bone fracture and its
relationship to off-axis loading such as in the case of falls.

2. Materials and methods

2.1. Bone selection

A talus from a young Dorset sheep (Ovis aries) was harvested and
cleaned. This sheep took part in a previous study where it trotted on a
level treadmill for 15min/day, 6 days/week for 34 days. Trotting speed
was monitored during the experiment to maintain a constant Froude
number of 0.35–0.45, which corresponded to 1.35–1.5 m/s on day 32
[7]. The above mechanical stimulus was shown to result in bone
modeling, expressed as an increase in bone volume fraction and tra-
becular number when compared to control sheep that did not trot [7].

The talus was preferred over other bones as it is a short bone that is
loaded in sheep almost in perfect compression along its axial axis, be-
tween the superior and inferior articular facets (trochlea – articulating
with the distal tibia and head - articulating with the proximal navicular
respectively). The talus lacks any tendons attachments, it is held in the
ankle by the medial and lateral malleolus and constraining ligaments,
and thus it experiences loads directly only via its articular facets [35].
In addition, contrary to long bones that have growth plates which yield
relatively organized initial trabecular orientation (roughly normal to
the growth plate and parallel with the physiological direction of
loading), short bones (such as the talus) usually have ossification cen-
ters that yield a much less organized initial trabecular structure and
thus these structures are less ‘biased’ toward an initial specific or-
ientation. In the talus, the primary ossification center is situated close to
the talar neck [36,37] and a secondary ossification center is very small
and is not always present.

2.2. Micro-CT scanning

The talus was micro-CT scanned (Center for Nanoscale Systems,
Harvard University) using a Metris X-Tek HMX ST 225 scanner (Nikon
Metrology Inc.) at 70 kV and 130 μA with no filter. Scan resolution was
30 μm, which is well below average sheep trabecular thickness (ranges
between 50 and 190 μm) as given in previous publications [38–41]. The
output raw data was imported into CT-Pro software (Nikon Metrology
Inc.) and reconstructed into a 3D volume. Next, the reconstructed 3D
volume was imported into a visualization software, VGStudio Max 2.1
(Volume Graphics GmbH, Heidelberg Germany), and was reoriented
along the long axis of the bone. The reconstructed scan was then
cropped and saved as 16-bit TIFF image stack along the transverse
plane. Finally, the image stack was converted into 8-bit TIFF images
using ImageJ software version 1.50i, decreasing gray levels from
65,536 to 256 (black pixels equal to “0” and white pixels equal to
“255”) without affecting spatial resolution.

2.3. Volume cropping and segmentation

The 8-bit TIFF image stack was imported to Amira 6.0 (FEI
Visualization Sciences Group Inc.) for segmentation and reconstruction.
A cubical volume of interest (VOI) of 7.5mm3 (250 pixels3) was
cropped from the inferolateral region of the talus, just proximal to the
articular facet of the talus head (Fig. 1). After cropping, the image stack
was segmented (binarized) to differentiate bone from non-bone pixels.
A global gray-scale threshold of 138 was selected by two individual
observers to best separate bone from non-bone pixels. Next, to correct
possible local inaccuracies, each slide of the original micro CT scan was
manually inspected and segmentation was corrected (if necessary) in

each of the 3 primary axes (axial, radial, and transverse orientations).

2.4. On-axis model

Using the 7.5mm3 VOI, a smaller 4.5mm3 VOI (150 pixels3) was
cropped from the center of the larger volume and parallel with its
planes. This smaller 4.5mm3 VOI was denoted 0° as it was not rotated
and its surfaces were still oriented along the principal axes of the bone.
To verify that the proximal-distal axis of the bone corresponded with
the principal trabecular direction we analyzed the 4.5mm3 VOI using
BoneJ (version 1.4.2) and extracted the corresponding eigenvectors. We
found that the principal trabecular direction was almost perfectly
aligned with the proximal-distal axis of the bone, tilted by about 6°
dorsolaterally.

Once the 4.5mm3 VOI was cropped, Amira 6.0 reconstructed a 3D
surface model which was then saved in “stl” format and exported to our
3D printer. The 3D printed model was later loaded along its axial or-
ientation to measure the stiffness and strength of the trabecular struc-
ture when loaded on-axis, along the physiological direction of loading.
These on-axis stiffness and strength values served as a baseline for the
off-axis stiffness and strength values.

2.5. Off-axis models

To load the same trabecular structure in directions rotated to the
axial orientation, off-axis VOIs were created from within the same
original 7.5mm3 VOI with increasing rotations to the on-axis 0°
4.5 mm3 VOI. The on-axis 0° VOI was rotated along the cube center of
rotation in increments of 10°, once along the coronal plane (to generate
models rotated along the medial-lateral directions) and once along the
sagittal plane (to generate models rotated along the dorsal-plantar di-
rections). See Fig. 2 for a visual illustration.

To generate off-axis VOIs along the coronal plane (medial-lateral),
the on-axis 0° 4.5mm3 VOI was rotated laterally within the larger
7.5 mm3 VOI around its center of rotation by 10°, and a new VOI (de-
noted “C10°”) was created. Thus, the axial and transverse axes of this
new VOI, but not the radial axis, were rotated by 10° to the original
principal axes of the bone. This 10 degree rotation was repeated nine
times. Each time the VOI was rotated laterally by an additional 10°,
until the original axial axis became the radial axis orientation (a final
rotation of 90°). A total of nine laterally rotated VOIs were generated by
increments of 10 degrees (denoted models C10°, C20°, C30°, C40°, C50°,
C60°, C70°, C80° and C90° respectively, see Fig. 2 upper row).

To generate off-axis VOIs along the sagittal plane (dorsal-plantar),
the same actions described above were repeated, this time rotating the
on-axis 0° 4.5mm3 VOI dorsally by 10 degree increments. Thus, the
axial and radial axes of the new VOI, but not the transverse axis, were
rotated to the original principal axes of the bone. A total of nine dor-
sally rotated VOIs were generated by increments of 10 degrees (denoted
models S10°, S20°, S30°, S40°, S50°, S60°, S70°, S80° and S90° respec-
tively, see Fig. 2 lower row).

All 18 off-axis models were reconstructed (Amira 6.0) to create 3D
surface models which were them saved in “stl” format and exported to
our 3D printer.

2.6. Quantifying structural variation between models due to rotation

As a result of rotating the on-axis model by 10 degree increments up
to 90° in two directions (laterally and dorsally) each of the 18 off-axis
models covers slightly different bone volumes (i.e. by rotating the cu-
bical VOI, previously included bone volume would be excluded, and an
equal amount of new bone volume would be added). The only excep-
tions are the two off-axis 90 degrees models (C90° and S90°) as they are
identical in volume and structure to the on-axis 0° model, yet the di-
rection of printing and loading in these models is orthogonal to the
original on-axis model. While the exclusion/addition of trabecular bone
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Fig. 1. Visualization of the talus used in the experiment. The 2D location of the 250 pixel3 VOI (lateral side of the talus head) is marked in each panel by the
intersecting orange lines. Bone orientation is color-coded at the right bottom corner of each panel: cyan marks inferior, light green marks medial, red marks dorsal
and magenta marks plantar. A. Dorsal view. B. Lateral view. C. Inferior view. D. A cross-section along the coronal plane. The non-tilted 150 pixel3 VOI is marked
within the larger 250 pixel3 VOI by a blue dashed square; the red arrow indicates the direction of the VOI tilting in the coronal plane – laterally. E. A cross-section
along the sagittal plane. The non-tilted 150 pixel3 VOI is marked within the larger 250 pixel3 VOI by a blue dashed square; the red arrow indicates the direction of the
VOI tilting in the sagittal plane – dorsally. F. A cross-section along the transverse plane. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 2. On-axis and off-axis VOIs (depicted as red squares) and their location and orientation in the talus trabecular bone. Upper row of images shows the coronal
plane of the talus, superior is up and lateral is left. Lower row of images shows the sagittal plane of the talus, superior is up and plantar is left. The on-axis VOI original
location (red squares) is presented on the left side of the figure in both the coronal and sagittal planes. The nine off-axis VOIs that were generated when the on-axis
VOI was rotated laterally along the coronal plane are presented in the upper row (red squares, C10° to C90°). The nine off-axis VOIs that were generated when the on-
axis VOI was rotated dorsally along the sagittal plane are presented in the lower row (red squares, S10° to S90°). Note that both the C90° and the S90° models are
identical to the on-axis 0° model in structure, yet the direction of printing (and mechanical loading) is orthogonal to the original on-axis model. Each VOI was 3D
printed 10 times (n=10) to a total of 190 3D printed replicas. (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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volume is an inherent result of the rotation, it is important to quantify
it. Our calculations revealed that the largest change happens in the first
and last rotational steps (i.e. between the on-axis 0° model and the 10°
off-axis model, and between the 80° and 90° off-axis models respec-
tively), when a total of 7.34% of the old volume is excluded and an
equal amount of new bone volume is added (see online supplementary
material for a detailed explanation). Subsequent steps exclude/add
decreasing amounts of bone volume – 5.01% between the 10° and 20°,
and the 70° and 80° off-axis models, 3.12% between the 20° and 30°,
and the 60° and 70° off-axis models, and 1.50% between the 30° and
40°, and the 50° and 60° off-axis models. The maximal cumulative ex-
cluded/added volume between the on-axis and off-axis models occurs at
the 40° and 50° rotated models - 16.97% of the volume of these models
does not exist in the 0° on-axis model. To verify that these differences in
volume did not introduce any significant difference in structure, we
have compared structural properties between all 19 models (see Section
2.8).

2.7. Isotropic model

To establish a reference for changes in the stiffness and strength of a
porous 3D printed cubical model due to consecutive iterative rotations
of its planes, we have fabricated a 3D isotropic cubic mesh made of
beams in three orthogonal axes (Fig. 3). We predicted that loading such
a structure on-axis (loading axis parallel to the direction of the beams)
would yield higher stiffness and strength values when compared to the
same isotropic model loaded off-axis (loading axis is at an angle to the
direction of the beams). If our prediction for the isotropic model would
be supported by the experimental results, any deviation from this be-
havior by the 3D printed trabecular structure (e.g. off-axis models
stiffness and strength would not change or would be higher compared
to the on-axis model) would imply that the trabecular structure we
tested was truly not optimized to its primary physiological direction of
loading, and not that a limitation of the 3D printing technique is re-
sponsible for this unexpected behavior.

Similarly to our trabecular bone model, we used Amira 6.0 to crop a
4.5 mm3 VOI (150 pixels3) from a larger fabricated isotropic structure;
this smaller VOI served as the on-axis model (denoted I0°, Fig. 3). Such
an isotropic structure has no a priori structural preference along any of
its three principal axes. Next, we have rotated our 4.5 mm3 VOI along
its center of rotation by increments of 10° up to 40° and finally by an
increment of 5° to a final rotation of 45°, by that creating five off-axis
models (denoted models I10°, I20°, IC30°, I40° and I45° respectively, see
Fig. 3). It is important to note that since our model was isotropic, any
rotation larger than 45° would just mirror rotations smaller than 45°
(e.g. the 40° model would be identical to the 60° model, etc.) and thus
we have not fabricated any off-axis model with a rotation angle larger
than 45°.

2.8. Verifying structural similarity between on-axis and off-axis models

To verify that the rotation of the on-axis trabecular model did not
introduce any meaningful difference in trabecular structure, we have
calculated bone volume fraction (BV/TV) and degree of anisotropy

(DA) for the on-axis and 18 off-axis models. Each of the 19 models was
saved as a stack of 2D bmp images and exported to BoneJ (version
1.4.2) for analysis [42]. Volume fraction was calculated as the ratio of
“bone” to void voxels within the analyzed VOI. Degree of anisotropy
was calculated using the mean intercept length (MIL) method where
values of 0 and 1 represent a fully isotropic and anisotropic structure
respectively. Calculations showed that the on-axis VOI had a volume
fraction of 53.6% while the average volume fraction for the 18 off-axis
VOIs was 53.6% ± 0.3% (values range between 53.0% - 54.2%). Si-
milarly, the DA for the on-axis VOI was 0.80 and the average DA for the
18 off-axis VOIs was 0.77 ± 0.02 (values range between 0.72 and
0.80).

Similarly, to verify that the rotation of the on-axis isotropic model
did not introduce any meaningful difference in structure, we have
calculated the model volume fraction (BV/TV) for the on-axis and 5 off-
axis models. The porosity of the on-axis isotropic model (I0°) was found
to be 36.4%. Off-axis models had an average porosity of 36.2% ± 0.2%
(values range between 36.0%–36.4%), revealing a maximum difference
of< 1%. Finally, the on-axis model and the five off-axis models were
reconstructed to create 3D surface models which were saved in “stl”
format and exported to our 3D printer.

2.9. 3D printing

A total of 25 stl files were exported to our 3D printer software
(3DPrint Client V1.1.128, 3DSystems Inc.), these included the 19 tra-
becular structure models (1 on-axis model, 9 sagittal off-axis models
and 9 coronal off-axis models) and 6 fabricated isotropic models (1 on-
axis model and 5 off-axis models). Each model was printed 10 times
(4.5× 4.5× 4.5mm, total n=250) using a ProJet 1200 3D printer
(3DSystems Inc.) and VisiJet FTX Green printing resin. VisiJet FTX
Green is a UV curable plastic with a tension-compression strength
asymmetry (similar to bone material) [43], an important feature that
affects trabecular bone behavior especially during off-axis loading [20].

The ProJet 1200 3D printer uses a process called micro-
Stereolithography (μSLA) to rapidly fabricate a 3D printed object.
Briefly, this 3D printing process uses a UV laser source that projects a
flash of light through a dynamic mask. The mask is the negative of the
current 2D printed layer such that the UV light passes only where the
object is solid and is blocked where voids exist. The UV light poly-
merizes the liquid photopolymer to create a part suspended from the
build platform. The part is created layer after layer as the platform is
elevated. One key advantage of μSLA over other 3D printing processes
is its high spatial resolution (around 30 μm) and the quality of printing
[44].

2.10. Validating accuracy and precision of 3D printing

Previously we have performed several tests to validate the accuracy
and precision of our 3D printer [30,31]. In short, to test the accuracy of
our printer (the ability to print correctly the segmented models), we
have printed 4.5× 4.5× 4.5mm cubes with various degrees of volume
fraction (32.1%, 39.8% and 100% (i.e. solid)). Next, all printed cubes
were weighed using a Vibra HT analytical balance with an accuracy up

Fig. 3. Original on-axis 3D Isotropic cubic mesh (I0°) and the four rotated off-axis 3D Isotropic cubic meshes (I10° to I45°). The off-axis meshes were created by
rotating the on-axis mesh along its center of rotation by increments of 10° up to 40° and finally by an increment of 5° to a final rotation of 45°.
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to± 0.0001 g (Vibra, Shinko Denshi Co. LTD). Finally, the average
weight of the cubes was plotted against their volume fraction using the
origin (0,0) as the fourth definite data point and a least squares linear
regression was calculated. The weight of the printed cubes was found to
significantly correlate with their volume fraction (P < 0.01;
R2=0.9917). To test the precision of our printer (the ability to re-
peatedly print the same segmented model), we have 3D printed a tra-
becular bone model at an initial size of 4.5× 4.5× 4.5mm and then
increasing all the way to 21×21×21mm in increments of 1.5 mm
(total of 12 cube sizes). Each cube size was printed three times and all
cubes were weighed (Vibra, Shinko Denshi Co. LTD.). The max weight
difference between the three cubes of each group size was<3% (in
most cases closer to 1%). Finally, the average weight of the 3D printed
trabecular cubes was plotted against their volume and a least squares
linear regression was calculated. The measured weight of the various
cubes sizes was found to significantly correlate with their volume
(P < 0.01; R2=0.9997).

For the current study, all printed cubes were also weighed (Vibra,
Shinko Denshi Co. LTD). The average weight of the 10 on-axis isotropic
cubes was 96.7 mg ± 1.5mg and the average weight of the fifty off-
axis isotropic models was 96.3 mg ± 1.2mg. The average weight of the
10 on-axis trabecular bone cubes was 64.1mg ± 3.0mg and the
average weight of the 180 off-axis isotropic models was 64.9mg ±
5.8mg. In addition, printing accuracy was verified by measuring actual
trabecular thickness for several trabeculae in one printed cube per
group using a Nikon Eclipse E600 microscope. Measured values were
compared to the expected thickness of the same trabeculae as given by
the 3D segmented computer model. Average trabecular thickness dif-
ference between the models and printed cubes ranged between 2% to
5%. It is worth noting that a more precise measurement of actual tra-
becular thickness would be obtained by micro-CT scanning the 3D
printed cubes, but this analysis was beyond the scope of the present
study.

2.11. Mechanical testing

All 3D printed cubes were loaded until failure or up to 480 N (Load
cell max load is limited to 500 N) using an Instron 5942 Single Column
Table frame (Instron Inc., USA). All cubes were loaded in a direction
that was perpendicular to the printed layers direction. As all 3D printed
trabecular cubes failed before reaching our 480 N limit, we were able to
measure for these samples both stiffness and strength. Some of the 3D
printed isotropic cubes only yielded before reaching our 480 N limit
(i.e. the stress-strain curve stopped behaving linearly but maximum
load was not achieved) and thus we were only able to measure stiffness
and yield strength (at 2% offset) for these samples.

Each cube was loaded at a rate of 50 μm/min (0.83 μm/s). To reduce
shear stress due to friction between loading surfaces and samples we
used low-friction polished stainless steel anvils and we applied a small
preload (5 N) to ‘tighten’ the sample-anvil interface, before the ex-
periment started. Only then load and deformation data were started to
be collected (measurements were taken every 100 millisecond). The
measured load and deformation were normalized by dividing their
values with the cube area and height respectively to find the stress and
strain. Next, a stress-strain curve was plotted for each test. Cube stiff-
ness was determined from the linear region of the stress-strain curve.
Strength, however, was less apparent due to the porous nature of our
cubes. Contrary to solid samples, where strength is measured as the
maximal stress the structure can sustain before failure (i.e. there is a
clear point of peak stress), strength measurement in a porous structure,
especially when porosity is relatively low, is less straight forward
[45,46]. Fyhrie and Schaffler [45] have investigated the characteristic
stress-strain curve of trabecular bone. They showed that when the first
trabecula (or trabeculae) buckle and fail there is a drop in the stress-
strain curve. Yet as more and more trabeculae fail, the specimen starts
to collapse and the bone becomes compacted. At that stage, load (stress)

may not change (or may even increase again) with the increase of de-
formation (denoted the “plateau region”). Thus, we have determined
strength as the first point where load dropped> 1N between two
successive measurements. As measurements were recorded every 100
milliseconds and the anvil moved down at a speed of 0.83 μm/s, a drop
of 1 N in 0.1 s would indicate a structural failure in our sample (i.e.
buckling/failure of trabeculae).

2.12. Data analysis and statistics

To eliminate unintentional bias, all raw data files were assigned a
random six-digit number and only then stiffness and strength (yield
strength for the fabricated 3D printed isotropic cubes) were calculated.
After the mechanical properties of all cubes were determined, file
numbers were decoded and all files were regrouped with the other files
of the same model. Statistical analyses were performed using R, version
3.2.0 [47]. Data (cubes' weights, stiffness and strength) were found to
be distributed normally using the Shapiro test (P > 0.05). Population
variances were found to be equal using the Bartllet test (P > 0.05).
Statistical significant differences between the on-axis model and the off-
axis models were calculated using an ANOVA test and a Dunnett's post-
hoc test. Values smaller than 0.05 (P < 0.05) were considered to be
statistically significant.

3. Results

3.1. Isotropic model stiffness and yield strength

The average stiffness and yield strength values with their standard
deviations for the isotropic 3D printed models are given in Table 1.
There is a clear trend of decrease in stiffness and yield strength as we
move from the I0° on-axis model (elements are parallel to the direction
of loading) to the off-axis models (stiffness and yield strength gradually
decrease as angle of rotation increases, I10° to I45°, see Table 1).

Average stiffness for the on-axis model is 299.5 ± 107.8MPa
compared with 235.2 ± 135.6MPa for the group of off-axis models
combined. When comparing the on-axis model stiffness value to each of
the off-axis models separately (Table 1), I0° on-axis stiffness was sig-
nificantly higher than the off-axis stiffness for models I30°, I40° and I45°
(P < 0.05). The off-axis stiffness for the I10° model was close to sig-
nificantly higher (just slightly above 0.05) compared to the off-axis
stiffness for models I30°, I40° and I45°. No other in-between model
stiffness values were found to be significantly different.

Average yield strength for the I0° on-axis model is 18.0 ± 2.4MPa
compared with 14.0 ± 3.8MPa for the group of off-axis models com-
bined. When comparing the I0° on-axis model yield strength value to
each of the off-axis models separately (Table 1), on-axis yield strength
was non-significantly different from the I10° off-axis model, but both
the on-axis and the I10° off-axis models demonstrated significantly
higher yield strength values in comparison to all other off-axis models
(I20°, I30°, I40° and I45°; P < 0.05). No significant difference in yield
strength values was found between the I20°, I30°, I40° and I45° models
(P≥ 0.05).

Table 1
Stiffness and yield strength results for the on-axis and off-axis isotropic 3D
printed models.

Stiffness MPa (SD) Yield strength MPa (SD) at 2% offset

I0° (on-axis) 299.5 (107.8) 18.0 (2.4)
I10° 288.3 (169.0) 16.7 (4.9)
I20° 269.2 (145.2) 13.4 (3.3)
I30° 205.7 (84.8) 13.2 (2.9)
I40° 223.7 (108.5) 13.0 (2.2)
I45° 199.6 (165.5) 13.2 (4.1)
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3.2. Trabecular models stiffness and strength

Average stress-strain curves and the corresponding stiffness and
strength values for the 0° on-axis model and the off-axis models rotated
in the coronal (laterally) and sagittal (dorsally) planes are given in
Fig. 4 and Tables 2 and 3.

In general, the on-axis trabecular structure demonstrated lower
stiffness and strength values when compared to the off-axis trabecular
structures. This observation is correct for both the laterally and dorsally
rotated off-axis trabecular structures, yet the differences are more
pronounced for the laterally rotated off-axis trabecular structures
(Fig. 4 upper vs. lower row). The average stiffness for the 0° on-axis
trabecular structure was 103.7 ± 19.5MPa, compared with
139.5 ± 36.2MPa and 111.2 ± 30.8MPa for the laterally and dor-
sally rotated off-axis trabecular structures respectively. The average
strength for the 0° on-axis trabecular structure was 6.5 ± 0.7MPa,
compared with 8.1 ± 1.3MPa and 7.6 ± 1.1MPa for the laterally and
dorsally rotated off-axis trabecular structures respectively.

Laterally rotated off-axis trabecular structures (off-axis models C10°

to C90°) demonstrated persistent significantly higher stiffness and
strength values in comparison to the on-axis trabecular structure
(P < 0.05) (Fig. 4A and B, and Table 2). Laterally rotated off-axis
trabecular structures with significantly elevated stiffness and strength
values are shaded (red) in Fig. 4B. The only exceptions were models
C10° and C30°, which demonstrated non-significant differences from
the on-axis trabecular structure stiffness, and models C10° and C60°,
which demonstrated non-significant differences from the on-axis tra-
becular structure strength. Dorsally rotated off-axis trabecular struc-
tures (off-axis models S10° to S90°) also demonstrated significantly
higher stiffness and strength values in comparison to the on-axis tra-
becular structure (P < 0.05) (Fig. 4C and D, and Table 3), yet these
differences were not as distinct or as constant as for the laterally rotated
off-axis trabecular structures. Compared to 0° on-axis trabecular
structure stiffness, the stiffness values for the dorsally rotated off-axis
trabecular structures were significantly higher for the S10° and S20°,
and for the S50° and S60° models (P < 0.05) (Fig. 4D). The strength
values for the dorsally rotated off-axis trabecular structures demon-
strated a similar behavior to the stiffness values and were significantly

Fig. 4. Average stress-strain curves (A and C, left side) and average relative stiffness and strength values (B and D, right side) for the on-axis model and off-axis
models rotated laterally (A and B, upper row) and dorsally (C and D, lower row). All off-axis stiffness and strength values are relative to the stiffness and strength
values of the on-axis model which is depicted as 100% (i.e. a stiffness value of 120% indicates a 20% increase in stiffness for that off-axis model). Values denoted with
an asterisk are non-significantly different than the stiffness or strength values for the on-axis model. Areas shaded in red represent off-axis models with significantly
higher stiffness and strength values compared to the on-axis model. Color codes for the 10 different models (0° to 90°, left side) and for stiffness and strength values
(right side) are between the two rows of images. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

Table 2
Stiffness and strength results for the on-axis and laterally rotated off-axis
models.

Stiffness MPa (SD) Strength MPa (SD)

C0° (on-axis) 103.7 (19.5) 6.5 (0.7)
C10° 90.2 (20.1) 6.7 (0.6)
C20° 129.2 (28.8) 7.3 (0.7)
C30° 120.5 (20.2) 7.3 (0.5)
C40° 159.4 (39.8) 8.9 (0.5)
C50° 151.8 (42.7) 9.3 (0.6)
C60° 147.7 (16.2) 6.8 (0.3)
C70° 156.3 (14.4) 8.3 (0.7)
C80° 174.9 (31.9) 10.1 (0.8)
C90° 125.6 (24.3) 8.4 (0.8)

Table 3
Stiffness and strength results for the on-axis and dorsally rotated off-axis
models.

Stiffness MPa (SD) Strength MPa (SD)

S0° (on-axis) 103.7 (19.5) 6.5 (0.7)
S10° 131.2 (19.2) 7.8 (0.5)
S20° 132.2 (24.5) 7.9 (0.8)
S30° 95.6 (31.6) 7.6 (0.4)
S40° 106.0 (20.5) 7.6 (1.5)
S50° 118.7 (38.1) 8.5 (1.0)
S60° 136.9 (19.9) 8.2 (1.1)
S70° 114.3 (31.6) 7.7 (1.5)
S80° 75.1 (10.3) 6.3 (0.6)
S90° 91.0 (11.2) 6.5 (0.7)
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higher in comparison to the on-axis trabecular structure for the S10°
and S20°, and for the S50°, S60° and S70° models (P < 0.05; Fig. 4D).
Dorsally rotated off-axis trabecular structures with significantly ele-
vated stiffness and strength values are shaded (red) in Fig. 4D.

4. Discussion

The major objective of this study was to support Wilhelm Roux's
principle of bone functional adaptation for the first time in a direct way.
As Roux's principle of bone functional adaptation predicts bone de-
position and resorption in response to mechanical stimuli (i.e. bone
modeling), it is expected that the outcome of bone modeling will be a
structure that is now better adapted to its function. Therefore, it is
postulated that a modeled trabecular structure is stiffest and strongest
in line with the direction of mechanical stimuli as it is transmitted from
one cortex to the other, and that mechanical stiffness and strength will
diminish as we move away from this loading orientation. However,
since each trabecular structure is unique and since trabecular structure
can only be loaded once before it is damaged, so far a direct test of this
hypothesis was unattainable. To address this issue, we have used a 3D
printing process called μSLA to reproduce multiple accurate replicas of
a modeled trabecular bone structure cropped from a sheep talus in
various angles to the principal direction of physiological loading. These
replicas were loaded in compression until failure and their stiffness and
strength values were recorded. If Roux's principle of bone functional
adaptation is correct, we will expect the on-axis replica (cropped par-
allel to the 3 principal axes of the bone) to demonstrate the highest
stiffness and strength values in comparison to the off-axis replicas
(cropped in angles incrementing by 10°, from 10° to 90° to the 3 prin-
cipal axis of the bone). Contrary to our prediction, and in disagreement
with Roux's principle of bone functional adaptation, we found that a
trabecular structure loaded off-axis tended to have higher stiffness and
strength values when compared to the same trabecular structure loaded
on-axis. These unexpected results may not directly refute Roux's prin-
ciple of bone functional adaptation but they do raise questions as to
whether this principle applies equally to all bones and whether its sole
purpose is to adapt bone structure to the principal physiological di-
rection of loading.

So far, very few in silico FE models looked at the mechanical prop-
erties of a single trabecular structure both on- and off-axis. Van
Rietbergen et al. [48] used FEA to calculate the nine elastic constants of
an orthotropic trabecular sample with a BV/TV of 35% from a whale
vertebral body. The model was tested twice, once 45° to the body
longitudinal axis and then again after an optimization procedure was
used to reorient the model along its three orthotropic fabric axes. Si-
milar to our study, they have found that the stiffness along the direction
of loading was higher when the sample was loaded at 45° to the body
longitudinal axis then when it was oriented along the principal trabe-
cular direction. As no previous study tested in vitro the mechanical
properties of a single trabecular structure both on-axis and off-axis, we
are restricted in comparing our results to the few previous studies that
mechanically tested various trabecular bone samples from adjacent
regions, some on-axis and others off-axis [49–54]. Accordingly, these
studies never demonstrated that on-axis mechanical properties are su-
perior to off-axis mechanical properties for a given unique structure.
Chang et al. [54] tested in compression cylindrical trabecular bone
samples from bovine proximal tibiae. Some of the samples were pre-
pared on-axis while others were machined off-axis (30–40° oblique to
on-axis). Their results revealed similar yield strain values for the on-
and off-axis loadings but a decrease of around 30% in stiffness when
samples were loaded off-axis [54]. In a similar study, Ohman et al. [50]
tested in compression cylindrical trabecular bone samples from human
femoral heads. Ten cylinders were extracted on-axis, along the main
direction of trabecular bone and additional ten cylinders were extracted
off-axis, with a misalignment of approximately 20° to the trabecular
main direction. No significant differences were found in structural

parameters and ash content between the two groups, yet the off-axis
group demonstrated a significant decrease in stiffness and strength
(around 40%) [50]. While these values were statistically significant, it
is worth mentioning that the main direction of trabecular bone was
determined from 2D images. Thus, the main direction of trabecular
bone could only be determined along an arbitrary plane of the image
and not in the entire 3D volume. In addition, main trabecular direction
was determined by an observer and the authors assumed an additional
error of up to 10°. In contrast to the above results, Birnbaum et al. [53]
found no significant difference in strength when parallelepiped trabe-
cular bone samples from human femoral head were tested parallel,
perpendicular and at 45° to the main trabecular direction. Furthermore,
Bevill et al. [49] cored fifty cylindrical samples from human lumbar
vertebral bodies and femoral necks. Twenty-two of the samples were
cut with the cylinder axis aligned along the principal trabecular or-
ientation (i.e. on-axis) and twenty-eight samples were prepared with
the cylinder axis at an oblique angle of 15° or 45° to the principal
trabecular orientation (i.e. off-axis). Their results revealed a significant
decrease in stiffness between the on-axis and 45° off-axis group for the
femoral neck samples but not the lumbar vertebrae [49], implying
variable adaptation depending on the type of bone. When they simu-
lated their mechanical testing using finite element analysis they found
that less trabeculae failed in the vertebral body, probably due to sub-
stantial bending deformations that occurred before failure. These in-
conclusive results, obtained from studies that were testing various
trabecular bone samples on- and off-axis, exemplify the limitation of
this approach [55]. The large structural variation and consequently the
mechanical properties variation within any bone volume makes the
assumption that samples taken adjacent to each other at different or-
ientations to the principal axis will have identical properties unlikely.

Additional comparison can be made between our study and pre-
vious studies that tested trabecular bone samples along their 3 principal
axes (superior-inferior or caudal-cranial, lateral-medial and anterior-
posterior), as their perpendicular loading to the principal axis corre-
spond to our 90° dorsal and lateral rotation models. However, the
majority of these studies either estimated stiffness in different or-
ientations from ultrasound measurements (i.e. not an actual mechanical
testing) [56–60] or mechanically tested three groups of trabecular
samples (and thus different structures), each along a different principal
axis [61–71]. Although most studies that tested trabecular bone sam-
ples from long bones (e.g. femur and tibia) revealed significantly higher
stiffness and strength when samples were loaded along the principal
axis of loading compared to the two perpendicular directions
[61–64,67–69], some showed opposite trends [53,65,72]. On the other
hand, most studies that tested trabecular bone samples from short or
irregular bones (e.g. vertebrae and patella, similar to the talus in our
study) showed that loading along orientations that were orthogonal to
the principal axis demonstrated non-significant differences or even
significantly higher stiffness and strength values [57,61,62,66]. Both
Augat et al. [61] and Majumdar et al. [62] found that calcaneal tra-
becular samples behaved mechanically different than samples taken
from the proximal and distal femur. While Majumdar et al. [62] did find
stiffness differences between the 3 principal axes, these differences
were much smaller compared to the samples from the femur. Augat
et al. [61], found that contrary to the femoral trabecular samples, cal-
caneal samples demonstrated close to isotropic behavior with a ten-
dency for higher stiffness values along the anterior-posterior direction.
Cavani et al. [57] also found isotropic behavior when they used ultra-
sound to estimate the stiffness of equine thoracic vertebrae. Finally,
Townsend et al. [66] showed that trabecular bone cubes from human
patella demonstrated the lowest stiffness along the lateral-medial di-
rection and the highest stiffness along the anterior-posterior direction
and not the expected proximal-distal direction (yet the stiffness values
along these two directions were relatively similar). These results may
indicate that while long bones “obey” Roux's principle of bone func-
tional adaptation and adjust their trabecular structure to support
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predominantly uniaxial loading, this process is inexplicit in bones with
less clear uniaxial loading [73] or regions that lack organized growth
plates and thus their trabecula are not formed in perpendicular direc-
tion to the long axis of the bone (like the talus in our study).

There may be other possible explanations to why trabecular struc-
tures demonstrate a tendency for higher stiffness and strength during
off-axis loading. Several studies have suggested that trabecular bone
behaves and fails differently when it is loaded on-axis vs. off-axis or
perpendicular to the principal axis [49,68,74] and that this behavior
differs between bone areas with low- versus high-density (the BV/TV of
our talus VOI was 53.6%) [49,75]. While trabeculae that are loaded
parallel to the principal trabecular direction tend to be shielded from
buckling by supporting horizontal trabeculae and thus tend to fail in
shear [74], loads applied normal or at an angle to the principal trabe-
cular direction tend to cause bending in trabeculae before they buckle
and fail [49,68]. Since we have determined strength as a drop of 1 N
between 2 consecutive measurements (time difference of 0.1 s) our
method was probably more sensitive in detecting trabeculae failing in
shear (catastrophic failure that leads to a sudden drop in force) than
failure due to increase in bending (gradual drop in force). A second
explanation relates to microstructural differences along different tra-
becular orientations. While we were able to show that BV/TV and DA
did not differ between the on- and off-axis VOI's, we did not account for
additional structural differences (Tb.Th, Tb.N and rod vs. plate) be-
tween horizontal and vertical trabeculae. Seeing that our BV/TV was
relatively high (53.6%), it is safe to predict that many of the trabecula
in our VOI were plate in nature. If more trabecular plates are aligned in
horizontal and oblique planes compared to the vertical plane this would
not decrease DA, yet we would see an increase in stiffness and strength
when we will load the sample along these orientations. A third ex-
planation is that our trabecular sample was cropped from a short bone –
the talus. As was mentioned above, contrary to long bones, short bones
tend to show either isotropic mechanical behavior or higher stiffness
and strength when the tissue is loaded off-axis or perpendicular to the
principal direction of loading. As the talus is lacking a growth plate and
thus it ossifies solely via ossification centers [36,37], the trabecular
structure is not initially oriented perpendicular to the long axis of the
bone and thus the mechanical behavior may vary from our predications
which are based on a typical long bone that possesses a growth plate. A
fourth possible explanation relates to the evidence that different regions
in a specific bone may model and adjust to different loading scenarios
(uniaxial vs. multiaxial loading). Several previous studies have de-
monstrated both isotropic and orthotropic mechanical behaviors of
trabecular bone samples and higher stiffness and strength values along
different orientations, depending on samples' location within the bone
and the way they were loaded in vivo [65,67]. Martens et al. [65]
mechanically tested cubical trabecular bone samples along their 3
principal axes, taken from the head, neck and intertrochanteric regions
of human femora. They have noted differences in mechanical behavior
between the different regions. While samples from the femoral head
and intertrochanteric regions demonstrated transverse isotropic beha-
vior (with different orientations having the highest stiffness and
strength), the neck region demonstrated a clear orthotropic behavior
[65]. Similarly, Ciarelli et al. [67] noted that mechanical properties of
human trabecular samples tended to vary between bones and locations,
and to correspond with their functional demands. For example, samples
from the femoral head tended toward isotropic mechanical behavior
while samples from the distal femur appeared to be more transverse
isotropic along the sagittal plane. This correlated well with the need of
the distal femur to withstand stresses over an extended range of flexion
angles [67]. A similar mechanism of extended range of in vivo loading
angles may account for the higher stiffness and strength values we have
observed during off-axis loading. Our trabecular bone sample was
cropped from the distal talus, just under the talus head (Fig. 1). The
ankle joint of ungulate mammals can dorsiflex and plantarflex quite
substantially during trotting or running and thus it is expected that high

stresses will be experienced over a range of angles along the talus head.
Consequently, higher stiffness and strength along a range of angles in
the sagittal plane (dorsal rotation) is beneficial. Furthermore, since the
ankle joint is situated rather distally, close to the contact point with the
surface, where ground reaction forces are generated, stresses are ex-
pected to be fairly high. As the talus has no muscle attachments to its
surface and no big muscles nearby to protect it, its trabecular structure
may also be subjected to a range of loading angles along the lateral-
medial orientation due to slight inversion and eversion of the hoof as its
contacting the ground. Thus, somewhat higher stiffness and strength
along a range of angles in the coronal plane (lateral rotation) is also
beneficial. A fifth explanation is that trabecular bone is just one load-
carrying element in the interconnected mechanical system of cortical
and trabecular bone tissues. In that sense, trabecular structure adjusts
in response to mechanical stimuli to better transmit loads between the
bone cortices. Yet this does not require the trabecular component to be
the stiffest and strongest in that direction, but rather the interconnected
system of trabecular and cortical bone as a whole. Thus, the bone organ
may gain much more from trabecular structure that is stiffer and
stronger during off-axis loading (e.g. a fall) because that's a direction
where the whole bone is less optimized to support against unexpected
high impact forces. In line with this idea, de Bakker et al. [76] noted
that in the human femoral neck, maximal compressive stresses were
switched from the inferior aspect during normal loading to the super-
olateral aspect during sideways falls. They suggested that trabecular
bone may reinforce cortical bone by decreasing the effective length of
superior cortex sections when the femur experiences compressive stress
due to bending, secondary to impact force on the greater trochanter in a
fall [75] (i.e. off-axis loading). One final possibility, that we must re-
cognize, to our unexpected results relates to some potential inherent
limitations of the 3D printing technique itself. As our 3D printed model
is fabricated from a micro-CT scan, 3D printing or micro-CT scanning
resolution issues can affect how accurate our printed replicas represent
the real trabecular bone structure. Furthermore, the use of a homo-
genous and isotropic 3D printing resin excludes any mechanical con-
tribution the inhomogeneous, anisotropic and hierarchical bone mate-
rial would have on the actual trabecular structure. Consequently, this
may change the yield and post-yield behavior of our models in com-
parison to the behavior of the original bone sample.

While our study yielded new and interesting findings, they must be
assessed in light of the study's limitations. The main limitation of this
study is that we only used one trabecular bone structure from one bone.
This is a direct result of the huge amount of time and work involved in
segmenting and creating all the on- and off-axis models, 3D printing
250 replicas and then mechanically test them. Nevertheless, we found
that off-axis loading tended to yield higher stiffness and strength values
in both rotation scenarios and in most of the 18 off-axis models.
Furthermore, to verify that our results are not affected by our experi-
mental setup (namely the 3D printer) we fabricated, 3D printed and
mechanically tested an isotropic structure. The fact that this isotropic
structure performed mechanically as expected (i.e. highest stiffness and
strength when loaded on-axis and diminishing stiffness and strength
values as we move off-axis) and contrary to out trabecular replica (in
both rotation scenarios), supports the validity of our results. In addi-
tion, since no study yet was able to directly support Roux's principle of
bone functional adaptation we believe that this one refuting example is
important. Hence, we believe that our unexpected findings are sup-
ported and that they bring new understandings that deserve further
investigations. Currently we are working on a follow-up study, to
quantify the distribution of stresses and strains in our VOI during on-
and off-axis loading using an FE model. Another possible limitation of
our study is that our replicas only represent the bone structure but not
its material. Thus, our replicas are a macro representation of the bone
structure without any of the micro and nano structures (e.g. lamellae,
lacunae and mineralized collagen fibrils). However, this is an inherent
limitation of our technique that is shared to some degree with another
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tool that is widely used in bone biomechanics research – FEA. While
some aspects of bone behavior may be altered by these missing details,
FEA models were shown to replicate reliably bone biomechanical be-
havior even when this information was missing. One more limitation of
this study, one that is common to almost all other studies that me-
chanically test trabecular bone samples, is that we tested the trabecular
structure alone, “detached” from the neighboring trabecula (i.e. we
created new edges and severed trabeculae) and the enclosing cortical
bone. Since in vivo cortical and trabecular bone tissue are a continuum
and mechanical loads are transmitted from one to the other, dichot-
omizing these two components may alter the way each of them is be-
having separately. Finally, the relatively high stiffness standard devia-
tion values for the talus and the isotropic model are yet another
potential limitation. This is a direct outcome of 3D printing very thin
trabeculae. Small, uncontrolled variations in printing output, will have
a larger effect on stiffness (structure deformation) than on strength
(max loading). Nevertheless, seeing that stiffness and strength values
follow a very similar trend of increased values in specific off-axis angles
(see Fig. 4), and the fact that despite the high SDs stiffness differences
are still statistically significant for these angles, imply that these dif-
ferences cannot be ignored or dismissed as random or erroneous.

5. Conclusions

The goal of this study was to find direct support to Roux's principle
of bone functional adaptation. We hypothesized that a modeled trabe-
cular bone structure will demonstrate higher mechanical stiffness and
strength when it is loaded along the principal direction of physiological
loading, in comparison to when it is loaded off-axis. Contrary to our
prediction, and opposing Roux's principle of bone functional adapta-
tion, we found that a trabecular structure loaded off-axis tended to have
higher stiffness and strength values when compared to the same tra-
becular structure loaded on-axis. These unpredictable findings imply
that trabecular bone adaptation may serve additional purposes than
simply optimizing bone structure to one principal loading scenario and
they suggest that we still do not understand bone modeling to its en-
tirety.
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