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RESUMEN 
 

Los ensayos biomecánicos se han considerado como una de las mejores formas de cuantificar la reparación ósea. El 
comportamiento mecánico de los huesos reparados depende del comportamiento del material así como de la geometría. 
Por ello, es esencial hacer el análisis mecánico teniendo en cuenta ambos parámetros [1]. En este trabajo hemos 
combinado técnicas de medidas mecánicas con medidas de geometría para su posterior análisis. Primero, se ha medido la 
geometría de los huesos mediante µCT. Después, se han hecho ensayos de torsión para medir la mecánica macroscópica 
de la reparación. También se ha medido la rigidez local de la reparación mediante nanoindentación. Finalmente, se ha 
combinado toda la información en simulaciones hechas por métodos de elementos finitos para calcular las tensiones 
principales correspondientes a los pares de torsión máximos.  
 
PALABRAS CLAVE: reparación ósea, nanoindentación, explantes 
 

 
ABSTRACT 

 
Biomechanical testing has been described as the gold standard to quantify bone reparation. The mechanics of the repaired 
bones are affected by the mechanical properties of the materials, as well as by the geometry of the reparation. In fact, to 
derive accurate tissue properties from biomechanical tests it is key to consider actual geometry [1]. In this work, a novel 
combination of techniques is used in order to assess functional improvement of the repaired bone. First, torsion tests were 
carried out to quantify the macroscopic bone performance. Then, we have measured the local stiffness of the reparation 
using nanoindentation. Finally, we have simulated by FEA the torsion tests using the geometry obtained from μCT and 
the local stiffness measured from nanoindentation. The fracture stress of the reparation is then calculated from the 
maximum principal stresses corresponding to the maximum torque measured during the torsion test.  
 
KEYWORDS: Bone reparation, nanoindentation, explant. 
 
 
 

 1 INTRODUCTION 
 
Fractures that lack the capacity of healing end up in non-
unions. In recent days there have been new approaches 
trying to fix this problem. Once created the union, a 
diversity of methods have been used in order to assess the 
quality of the obtained reparation, from histological 
analysis to biomechanical testing [2]. The latter one 
quantifies the overall performance of the reparation.  
However, there are different approaches when assessing 
the mechanical characteristics of the reparation from 
macroscopic testing without taking into account the 
actual geometry [3] to combinations of different 
techniques [4]. There have been inverse approaches by 

combining mechanical testing, finite element analysis 
(FEA) and µCT. Here, we use a new methodological 
approach to quantify the maximum tensile stresses of the 
repaired bones. First, we perform a µCT of all the bones. 
Then, we measure the maximum torque by torsion test. 
Next, we perform nanoindentation measurements on the 
undamaged parts of the reparation. Finally, we combine 
all the data by FEA in order to obtain the maximum 
tensile stresses bore by the reparations.    
 

 2 METHODS 
 
2.1. Torsion tests 
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Both the repaired as well as the contralateral femora were 
evaluated for each rat (n≥4 for each group). Mechanical 
tests were performed using an Instron 8874 (Instron, MA, 
USA). A torsional test was chosen above other types of 
load placement, since it is more likely for a bone to break 
by torsion under ordinary circumstances [5]. Besides, an 
approximately uniform stress distribution along the 
length of the bone guarantees that the fracture initiates at 
the bone’s weakest point [6]. Both ends of the femora 
were placed in custom made moulds and embedded in 
resin (Demotec-70, Agar-Scientific, Stansted, UK). 
Femora were aligned in the vertical direction using a 
couple of lasers. Femora were kept moist during the 
whole procedure by wrapping them in PBS soaked gauze. 
Bones were twisted in internal rotation, similar to 
physiological loading, at a rotation rate of 0.1 º/s until 
ultimate failure while torque and rotation were 
continuously recorded. To ensure pure torsion the tests 
were performed under controlled axial load with the load 
set to zero. 
 
2.2 Nanoindentation 
 
After torsion testing, one half of each repaired femora 
and the corresponding contralateral control were placed 
in a mold and embedded in epoxy resin (24 hours curing 
time). Longitudinal sections were prepared by grinding 
with sandpaper (600, 800 and 1200) and polishing down 
to 1 µm diamond liquid. Nanoindentations were 
performed with a TriboIndenter® (Hysitron, MN, USA) 
using a Berkovich tip and a protocol based on [7]. Load 
was applied in load control at 0.8 mN/s up to 8 mN, the 
load was hold for 30 s followed by total unloading at 0.8 
mN/s. Samples were kept moist during the tests which 
were performed at 10 different locations of the cortical 
bone in the repaired zone and in the contralateral control. 
The elastic modulus was calculated from the unloading 
curve using the Oliver and Pharr method [8] and a 
Poisson’s ratio of 0.3. 
  
2.3 Finite Element Methods 
 
A 3D numerical model was developed using 
Abaqus/Standard 6.14-2 (Simulia). From the CT of each 
bone was selected and a simplified 3D model was then 
constructed extruding the central section along the length 
of each bone. The bone was meshed using 6-node linear 
triangular prisms with reduced integration and hourglass 
control (Figure 3 shows an example of the built mesh). A 
finite-strain static analysis was performed assuming 
isotropic elasticity with the average elastic modulus 
measured through nanoindentation and a Poisson's ratio 
of 0.3. The maximum torque resulting from the torsion 
tests was used as input for the simulations. The error 
introduced from the displacement of the rotation center 
was studied (Figure 4). The relevant output variables in 
the analysis were the maximum principal stresses 
calculated at each integration point of the section. From 
this output, we define the fracture stress as the stress 

corresponding to the 90% percentile of the statistical 
distribution of the maximum principal stresses. 
 
3 RESULTS 
 
3.1 Torsion tests 
 
None of the reparations failed at the interface between the 
repaired region and the pre-existing bone. Figure 1 shows 
the data of the torsion tests in terms of maximum torque. 
We found no statistically significant differences between 
the ISO and ANISO groups. However, it was observed 
that the variance is higher for the ANISO group than for 
the ISO group. When looking at the effect of BMP2 we 
found that using a dose of 5 µg of BMP2 enhances 
significantly (p<0.01) the reparation.  
 

 
Figure 1. A) Maximum torque of both scaffold pore 

distributions with and without BMP2. B) Comparison of 
the maximum torque obtained by torsion tests for 

reparations with and without BMP2 including both 
scaffold types.  

 
 
 
3.2 Nanoindentation 
 
We had contact detection problems with the groups 
without BMP2 as the reparation was too compliant for 
our setup. For this reason we limited the local 
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measurements to the ANISO and ISO groups with 
BMP2. Figure 2 presents the Young’s modulus measured 
by nanoindentation for the ISO and ANISO groups with 
BMP2 and their contralateral controls.  

 
Figure 2. Young’s modulus measured by 

nanoindentation of the reparations containing BMP2. 
 

Mainly due to the early stage of the reparation, the 
stiffness of the reparations was, on average, nearly 40% 
smaller than the stiffness of the controls. As for the 
torsion tests, we found no significant differences between 
the ANISO and ISO groups. Furthermore, the variance of 
the ANISO group was higher and we observed stiffness 
reparation rates as high as 99%.  
 
 
3.3 Finite Element Methods 
 
Figure 3 shows the fracture stress calculated from FEA 
and an example of the distribution of the maximum 
principal stress across the bone section. 

 
Figure 3. A) Example of the mesh and principal stress 

distribution of a repaired bone. B) Fracture stress of the 
reparations containing BMP2 obtained by FEA. 

 
 
 Figure 4 shows the small variations (<8%) in the 
maximum principal stress due to small inaccuracies (r=1 
mm) in the positioning of the bone during the torsion 
tests. As for the maximum torque and Young’s modulus, 
we found no significant differences between the ANISO 
and the ISO groups. However, as for the maximum 
torque, the variance of the fracture stress is higher for the 
ANISO group, showing on average 26% higher stresses 
than the ISO group.  
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Figure 4. Estimation of the experimental error caused 
by misalignement of the torsión axis. A) Distribution of 
the studied 9 axis positions. B) Cumulative fraction of 
the maximum principal stress for each axis. C) 90% 

stress value of the principal stress of each axis.  
 
 
4 Discussion 
 
We performed a novel combination of characterization 
techniques and FEA. On the one hand, we measured the 
overall mechanical performance of the reparation. 

Furthermore, we measured the local stiffness in the 
repaired regions. On the other hand, in order to determine 
the mechanical properties of the reparation and to avoid 
the effect of the geometry in the torsion tests, we carried 
out FEA of the torsion tests using as input data the 
geometry (CT) and the Young’s modulus measured by 
nanoindentation. This combination allowed a direct 
calculation of the fracture stress from the simulated 
principal maximum stresses, which is affected by the 
greometry of the reparation and the mechanical 
properties of the repaired bone. We have seen that a 
similar behaviour in the maximum torque induces 
different stresses on the reparation due to the geometry 
and the local mechanical properties. These fracture 
stresses show a broader range of values beared by the 
anisotropic group although statistically are not different 
to the ones bored by the isotropic group.  
We found that none of the reparations failed through the 
interface between the reparation and the pre-existing 
bone. Obtaining a strong union of the interface is crucial 
for the achievement of a successful reparation.  
A BMP2 dose as low as 5 g produced an important 
improvement on all the mechanical parameters 
measured. 
When comparing the anisotropically distributed pores 
and isotropically distributed ones, we found similar 
results for the maximum torque, the stiffness and the 
fracture stress, showing the coherence of the mechanical 
analysis. Our mechanical data consistently shows that 
there are not differences in the overall mechanical 
behaviour as a function of pore distribution.  
 
5 Conclusions 
 
The methodological approach enables us to measure the 
overall performance of the repaired bone, as well as 
quantifying the mechanical properties of the reparation 
by nanoindentation and finite element analysis. 
Mechanically we found no differences between different 
pore distribution and no interaction between the pores 
and the use of BMP2. The use of BMP2 in a dose as low 
as 5 μg results in a mechanically better reparation.  
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