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Abstract. In this work it is reported the use of fiber Bragg grating sensors for the validation of a numerical model 
(finite elements method) of a synthetic femur, produced by Sawbones®. The model is developed after a numerical model 
already used at the University of Aveiro. For the experimental validation a system for setting and implementation of 
load steps in the synthetic bone is developed, where the forces are applied in close similarity to those in the human 
femur in standing position. The results of the FEM numerical simulation are similar to results published in the 
literature. The experimental results are satisfactory and validate the numerical model. Another synthetic femur was 
fractured in 45º of the medial third, and it was used for fixing a osteosynthesis plate with the corresponding screws, 
provided by Synthes® Company. The fractured femur has been tested experimentally, and a numerical model is used to 
compare with the previous essay in similar conditions. We observed a strain concentration around the hole of the 
ostessyntesis plate, on the exact spot of the out break of the fracture, and the strains is about ten times larger than the 
strains in the region between the holes, about 1.5 mm from apart. Thus, the positioning of the osteosynthesis plate 
during cirurgical intervention is of fundamental importance in the fracture healing process. 
 
Keywords: Synthetic femur; osteosynthesis plates; optical fiber sensors; fiber Bragg gratings; finite element method; 
fracture fixation 

 
1. INTRODUCTION  
 

Aristotle, in Parts of Animals wrote, “Large animals need large, strong and rigid basis supports, especially those 
who have particularly very wild habits for living”. This sentence shows that since Antiquity, the relations between body 
dimensions and level of activity are observed. However, the correlation between mechanical load and the architecture of 
living tissues was only discussed many centuries after that. Wolf, in 1892, suggested that the orientation of trabeculae in 
bone like the rigidity of a femur corresponds to the trajectories of maximum stresses. The geometric orientation in space 
would be obtained through a process of adaptation, observed and studied by Roux. In 1881, he considered that bone 
adaptation is the result of a mechanism of self-regulation, where it is possible to obtain maximum performance with 
minimum work. That process of mechanical adaptation is observed not only in the muscle-skeletal system but also in 
others tissues.   

The knowledge of the influence of mechanical stimulus in the process of cell differentiation in living tissues is 
fundamental for different subjects in health sciences. Regarding the great number of factors evolved in the process of 
mechano-regulation, it is hard to science to rise up the many questions related. Meanwhile, another approach was made, 
beyond the theoretical and experimental ones (Kelly, 2008). This new approach, called computational biomechanics, 
makes use of computational means, by employing the finite element analysis (FEM) (Huiskes et al., 1983; Prendergast, 
1997). This method has a great potential because in an easy way, is possible to make several analysis for different 
geometries, loads cases and material properties. However, computational limitations and the complexity and the 
difficulty to determine the material properties of living tissues turns necessary the use of simplified computational 
models. For example, to apply an external load to a bone, it is assumed that bone has linear elastic properties and then is 
possible to use commercial software to model bone behavior (Prendergast et al. 1996; Wu et al. 1998).  
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The finite element analysis consists in dividing the overall domain of interest into several sub-domains, each one 
called finite element (Carrer, 2006). Then, for each finite element the local behavior is described using simple functions. 
In this method, are used local approximations instead of global ones, to achieve a solution for the problem. 

Beyond the advantages of computational biomechanics, this method gives more control on the problem but also a 
large power of abstraction and it is necessary to validate the numerical results with experimental ones. After the 
validation of the numerical model, it is possible to use it for others load cases and material properties.  

Experimental techniques have been used largely in biomechanic applications, measuring loads, stresses and strains 
in bone structures. The most conventional methods of analysis of tensions and displacements at the surfaces are 
photoelastic or interferometric holography techniques, strain gauges, dial gauges and other mechanical and electrical 
sensing devices. Those experimental techniques can be very accurate and sensitive; however they give lake of 
information because is only in limited regions of the structure. The technology of optical fiber sensors have progressed 
quickly in the last decade. Fiber optic sensors are characterized by their high sensitivity when compared to other types 
of sensors. They present some interesting advantages such as their compactness, wide bandwidth, immunity to 
electromagnetic noise, versatility of its geometry, low cost and possibility of remote sensory system (Othonos and Kalli, 
1999).   

The optical fiber sensors had a great development, since the half of the past century, with a large number of studies 
in the area of communications. With the discovery of photosensitivity by Hill and its co-workers in 1978 (Hill et al. 
1978), stimulated the application of optical fibers as sensory systems.  

The fiber Bragg gratings (FBG) are based on the property of modifying permanently the refractive index of the core, 
by the absorption of ultraviolet light (UV). The periodic modulation of the refractive index acts as selective filter of 
wavelengths, that satisfy the Bragg condition, obtaining thus the fiber Bragg gratings (Hill et al., 1978). Due to their 
properties, FBG can be used as sensors in areas such as materials, civil and biomedical structures.  

The fiber Bragg grating sensors are based on the measurement of the peak shift of the Bragg wavelength, λB, when 
subjected to the action of external parameters, such as mechanical stress and temperature (Kersey et al., 1997). For a 
FBG under longitudinal mechanical stress the peak shift of the Bragg wavelength, λB, may be calculated as:  

 

T
T

n
T

n
l

l
n

l

n
eff

eff
eff

eff
B ∆









∂
Λ∂+

∂
∂

Λ+∆








∂
Λ∂+

∂
∂

Λ=∆ 22λ
                   (1) 

 
The first term corresponds to the strain effect of the FBG, and the second term corresponds to the displacement of 

the wavelength of Bragg due to thermal expansion (Othonos, 1997). 
In the present work are used FBG sensors, to assess the strain pattern at the surface of femurs. These results, 

validated by numerical ones, are important to give more scientific information about the healing and bone remodeling 
process associated to bone fractures. The knowledge of these mechanisms can be very important in the development of 
new and more adequate therapeutical techniques as also to supply previous results of bone response to the implantation 
of fracture fixation device. However, there are several characteristics of extreme complexity evolved in this process that 
should be taken into account (Zhang et al., 2005).  

The processes of bone fracture fixation have been exhaustingly studied in the last years, due to its great socio-
economic impact. The main objective of the internal fixation devices, as well as the new techniques of fixation of bone 
fractures, is to reach, in the fastest way, the total functionality of the member (Ruedi and Murphy, 2002). The 
osteossynthesis plates are mechanical devices manufactured with materials of high rigidity. Apparently, is desirable and 
necessary that the fixation device allows the load transmission, generating a micromobility that stimulates the bone 
remodeling process necessary to the healing of fracture (Ruedi and Murphy, 2002).  

The general objective of this work is to develop a system, based on optical extensometry, for the validation of three-
dimensional numerical models of intact and broken femurs, made in FEA.  

 
2. MATERIALS AND METHODS 
 
For this study it was used three synthetic femurs from Sawbones® (fig. 1) and developed by Pacific Research Labs®. 

These products are being developed for academic studies, since 90’s and they are manufacture with materials that 
replicate the properties of a natural integer femur under mechanical load. The results obtained from the mechanical tests 
were validated by Chong, 2007 as it is observed in figure 1. 

Heiner, 2008, carried out a structural validation of femur of fourth generation (with the new materials). In their 
study they have used six femurs, tested under several load conditions. The obtained results in the study clarify the role 
of mechanical properties of the product. Ramos, 2007, developed a new model of total hip prostheses: for the 
experimental studies prototypes were implanted in synthetic femurs, in order to simulate the bone mechanical behavior, 
after surgical procedure. McNamara et al., 2006, also used synthetic femurs to compare types of glue and load 
mechanisms transfer, in total hip prostheses. Mehlman, 2006, carried out studies that compare the behavior of femur 
when is fixed with intra-medullar devices and plates of osteossynthesis, using femurs from SAWBONES®.  
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Figure 1: Comparison between the composite of 3rd and 4th generation when subjected to tensile and compression 
tests. (Heiner, 2008) and developed by synthetic bone Sawbones ® a) 455 mm b) 45 mm c) 31 mm d) 135 and) 27 mm 

f) 74 mm g) 13 mm 
 
The model used within this study, was model #3403 from Sawbones®. This work was sponsored by SYNTHES®, for 

the supply a set of plates with the same geometry and different materials. For the osteossynthesis plates were considered 
eight specific screws and for the materials were considered stainless steel (316L) and an aluminum, titanium alloy and 
niobium (TAN). The properties of the materials are listed in table 1 (results obtained with mechanical tests and present 
in section 3.2.1).  

 
Table 1: Comparison of materials properties, used for the osteossynthesis plates produced by the SYNTHES®. 

 
 Stainless Steel Niobium TAN 
Strenght Stress 860 MPa 900 MPa 

Yielding Stress 690 MPa 800 MPa 

Strain 12% 10% 

Density 8 g/cm3 4.52 g/cm3 

Young Modulus 200 GPa 110 GPa 
 
 
The supplied plate was LC-DCP® (Limited Contact Dynamic Compression Plate) (figure 2). It possesses a complex 

geometry in the inferior part and for that reason, diminishes the contact surface between the metallic plate and bone 
surface, where it will be implanted. 

 
 

 
 

Figure 2: LC-DCP® produced by SYNTHES®. 
 
For the mechanical test, it was used a plate with twelve holes. The length of the plates varies according to the 

number of holes: 106 mm length has six holes; 214 mm length has twelve holes. The other dimensions of the plates are 
standardized: 5.2 mm of thickness, 17.5 mm of width and 18 mm of space between holes.  

The surgical procedure of the plate implantation was carried out at the University Hospital of the Cajuru according 
to the protocol, in Curitiba/PR, for the team of the third year of residents in Orthopedics. Eight screws of 4.5 mm of 
thickness and 30 mm of length had been used in the surgical procedure. The construction of the fracture was made in 
the same day, with the use of a specific wimble for hospital use, with a drill of 3.2 mm of diameter. The fracture has an 
angulation of 45º. A distance of 2.5 mm between bone fragments was left, in order to analyze the mechanical behavior 
of the osteossynthesis, under a physiological load.  

The choice of the type of fracture present in this study, took in account the type of fixation device supplied by the 
manufacturer. According to Ruedi and Murphy, 2002, for simple oblique fractures with 45º in the medial part of the 
femur, are indicated fixation devices with plates LC-DCP or intra-medullar devices.  

The experimental test was performed at the Federal University of Technological - Paraná, campus Pato Branco, in 
the Laboratory of Radiofrequency and Electromagnetic Compatibility.  

To apply the mechanical loads, it was designed an experimental set up with capacity of 2000 Kgf, for the effect. A 
load cell from Excel was used as system acquisition, with a sensitivity of 2 mV/V, for the nominal load capacity of 200 
kgf.  
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In the region of the femoral head, a comparator was placed to monitor the longitudinal strains of the synthetic femur, 
caused from the load mechanism set up. For that reason, it was used a sensor of displacement LVDT of type WA/100 
mm from HBM® (Hottinger Baldwin Messtechnik GmbH, Darmstadt, Germany).  

For the analysis and measurements of the load and absolute displacements, was used a universal amplifier of 
measurements QuantumX, MX840, precision class of 0.01 and sample rate up to 19.2 kHz/channel, of company HBM®. 
The load cell and the sensor of displacement LVDT have been connected to a system of acquisition of QuantumX data, 
being this last one connected to a PC Intel (R) Core (2 TM) Duo CPU 2.7GHz and 2GB of RAM where the results have 
been treated and stored with the application of the program Catman Easy/AP Version 2.2 of company HBM®, described 
previously. The sample rate used for the experiment was 50 Hz and was used a filter Butterworth of 1Hz, implemented 
in Catman Easy/AP software.  

The femur was located at 11º in the frontal plain, simulating an integral human being in the orthostatic position, 
according to Bergman, 2001. Figure 3 illustrates the experimental set up used in this work.  

 

 
Figure 3: Test arrangement and instrumentation of the femur 

 
For the experimental set up of intact femur, it was instrumented with FBG’s at the surface of the bone, in order to 

measure the local strains. Twelve multiplexed sensors, recorded in the same optical fiber, have been glued at the surface 
of the four main faces of the femur (anterior, posterior, distal and medial), at the diaphysaric region, each one with three 
sensors. They were numbered by their increasing wavelengths, where sensors 1, 2 and 3 are at the anterior face, sensors 
4, 5 and 6 are at the lateral face, sensors 7, 8 and 9 are at the medial face and sensors 10, 11 and 12 are at the posterior 
face. For a better understanding, it is possible to see in figure 4 the right location of the twelve sensors. 

 For the experimental set up of fractured femur were glued nine sensors; three at the surface of the osteossynthesis 
plate, four at the bone surface, laterally at the plate and others two in each side of the focus of the fracture. The last two 
sensors have been exactly located at the opposite face where the plate was located (fig. 4). The places where the sensors 
have been located were chosen from a preliminary simulation in FEM, where it can be seen the places of biggest values 
of strain are located. These strain patterns, after the fracture, will indicate the distribution of strains throughout the 
femur, as well as a possible development of the bone tissue, in the healing process.  

 

           
 

Figure 4: Indication of the position of sensors in the femur and the fratured one. 
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The wavelength shift of each FBG was acquired by the acquisition system from Micron Optics, Inc., model sm125, 
and then those values were converted into strain values (µStrain). For each load, were performed five measurements, to 
assure the repeatability system.  

Geometry was developed and improved in a partnership between the Federal University of Technology - Paraná 
(UTFPR) and the University of Aveiro (UA). The geometry previously used by the University of Aveiro, have been 
acquired together to the Standardized Femur Program.  

For the numerical study, the geometry was created using the commercial program SolidWorks®. The surfaces of the 
base have been smoothed at the head of femur, as well as were made corrections in the geometry, to avoid an 
overlapping of volumes bodies corresponding to trabecular and cortical bones (fig. 5). An interface between trabecular 
and cortical bones was considered, consisting with the existence of two distinct bodies, one inside of the other.  

 
 

    
 

Figure 5: CAD model of the femur after the modifications made and mesh generated by the software ANSYS®. 
 
After all these considerations, the model was exported in the parasolid format into ANSYS® software, version 11.0. 

As the archive is imported, is generated the geometry of the numerical model and then, it is generated the finite element 
mesh. The mesh was refined in specific points of interest and to approach the results with the reality, without 
overloading the system. The used element was SOLID 187, hexahedral. The mesh generated for the model has a total of 
38519 elements and 72754 nodes (fig.5).  

The plates of osteossynthesis geometry was developed directly in the SolidWorks® software, from measures 
supplied in catalogues of the products from SYNTHES®. 

 For the formulation of the numerical model of the broken femur and fixed, was made an assembly of the parts of 
the model, being carried out also in SolidWorks® software. The assemble geometry with broken femur, osteossynthesis 
plate and the supports for load application, have been exported in parasolid format and imported by software ANSYS®. 
A mesh of finite elements was generated, having 59816 nodes and 30989 SOLID 187 elements (fig. 5).  

The fixation of the osteossynthesis plate at the bone was made by contact elements, this study don’t use screws at 
the finite element model. The interface between bone and osteossynthesis plate simulate “bonded” conditions. 

Inferior and superior supports, used in the mechanical experimental tests, had been modeled in ANSYS® software. 
The model also was placed in the same way (fig. 5). The used inferior support in the first mechanical assay was 
simulated in simple way: a fixed support in the same position was created where it was located. For the load application 
in the superior surface at 11º, the forces were decomposed in axis Y and Z. For the second experimental test with 
integral femur, it was modeled two parts to simulate the support system. In this in case, the superior support already was 
inclined in 11º, not needing to decompose the forces.  

With all the parts in right position, the loads have been applied at the superior part (fig 6). The applied loads are the 
same ones of the experimental test, in order to validate the model. The applied loads considered were: 200N, 400N, 
600N, 800N and 1000N for integral femur and 20N, 40N, 60N, 80N and 100N for broken femur.  

 
 
3. RESULTS AND DISCUSSIONS 
 
The Von Misses stresses give information about where the highest values are and where the sensors are located in 

the model. When analyzing the results obtained with FEM, it can be seen that the minimum principal strains are located 
mainly in the medial face of the superior region of femur (fig. 6). In the lateral face of the inferior region of femur, next 
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the base, it can be seen a region of significant concentration of strains. The point of maximum concentration of strains 
in compression is at the inferior face at the neck of the femur.  

In both figures, it can be seen that in the anterior and posterior faces of bone, there are a great number of small areas 
with stress concentration, characterizing areas where strain exist, but do not influence in the process of fracture healing. 

 

 
 

Figure 6: Distribution of maximum principal strain and distribution of minimum principal strain. 
 

Sensors 1, 2 and 3 were located at the anterior face of femur and had detected small variations of strain for all loads 
(around 150 µstrain). The data acquired for the sensors located in the lateral face exhibit a variation of 400 to 
800 µstrain. By the other hand, it’s the medial face where were registered the great strains of compression related to the 
positioning of applied load.  

Sensor 9, at the beginning of the applied load, presents strains around -200 µε and -700 µε at the end. The same 
happens with sensor 7, but more intensively. At the beginning of the applied load the strains were around the same 
values of -200 µε of sensors 8 and 9; at the end, the strains had arrived close to -1100 µε. Sensor 12 presents strains of 
compression, at the beginning, next to -100 µε and at the end the levels arrived next to -450 µε, that it is approximately 
half of the strains obtained at the medial face, for example.  

The graphs listed in figure 7, present the strains measured by FBG’s as well as the strains obtained by FEM.  
 

Anterior Face     Lateral Face 

 
Medial Face     Posterior Face 

 
Figure 7: Comparison between the experimental strains on the anterior, lateral, medial and posterior face 

respectively. 
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Without considering the specific values obtained by each sensor and observing globally the results, it is possible to 
say that the two sets of results (numerical and experimental) are in good accordance, not only qualitatively but also 
quantitatively. The lesser difference is around 10 % and the biggest difference is about 110 %, for an applied load of 
1000 N.  

An interesting remark is the fact that numerical model was considered linear. However, the experimental model is 
composed for materials without linear behaviors, when submitted to high loads (viscoelastic behavior). It can be 
evidenced with the linear progression of the numerical values obtained, while the same is not evidenced in the 
experimental test, when the material is submitted to highest loads.  

The applied loads considered in this study are the same for one integral femur, when considering a human being in 
orthostatic position, or when is walking (Argenta, 2008). This demonstrates that the measured strains are, without 
considering biological variables, very close to ones existing in a human femur.  

Another very important observation made in the experimental model, was the creep effect, caused by materials 
properties, during applied loads. In that way, it was established that was necessary to wait around fifteen minutes 
between loads, to make sure a new come back its initial characteristic. To avoid errors, it was performed ten load cases 
and with the results was calculated the standard deviation. The biggest standard deviation observed was around 
8 µstrain. According to the results displayed in figure 7, it can be seen that with the increase of the applied load, the 
numerical and experimental values become less similar, having differences around 20 %.  

The comparison between experimental and numerical strains, at the lateral face, also exhibit the large differences for 
higher values of load, with exception for sensor 4, that had a strain around 450 µε while the numerical model presented 
a value of 150 µε. In the lateral and the anterior faces, the values obtained, for small loads, are very close. With the 
increase of loads up to 600 N, the values are close, with a small difference between the two methods.  

Comparing the values obtained for higher levels of loads; in the anterior face the differences can reach around 15 % 
to 20 %. Already in the lateral face this difference falls for about 5 % to 10 %.  

An important factor in the validation of results is the difficulty of measuring the strains at the same points, in both 
methods.  

The results obtained in the numerical simulations for the posterior face are in accordance with ones obtained for 
similar works related in literature (Talaia et al., 2007). However, the strains obtained for the FBG’s, in the present work, 
had been of higher levels, arriving around -450 µε.  

The geometry of femur, together with the location of sensors at the posterior face, with a little displacement in 
position of some millimeters for the medial face, made that was obtained higher values then in the numerical model. 

In the experimental tests of Talaia et al., 2007, the strains at the posterior face were inferior to -100 µstrain, as well 
as in this work. This demonstrates that the arrangement elaborated for the experimental set up has adequate behavior; 
and, mainly, that the numerical model is satisfactory, being able to be used for the development of new orthopaedic 
components or for the analysis of existing components.  

The results obtained in numerical simulation are not the best, with a series of adjustments we can close to the 
experimental test. Screws can be inserted in the FEM model, adjusting the material properties of the numerical model, 
modifying boundary conditions, the numerical model will have a nonlinear behavior and have behavior closer to the 
experimental test. 

To facilitate the visualization of strains at the same places where the sensors are glued, an image of the minimum 
principal strains at the medial face of femur was obtained. A bar chart was elaborated, to compare the strains obtained 
for the numerical simulation and for the experimental tests, as it is showed in figure 8.  

 

 
 

Figure 8: Strain in compression, at the medial face of femur. 
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Sensor 8, located at the medial part of the osteossynthesis plate, had strains of about 1100 µε; already for the same 
region, when simulated with FEM, the strain obtained was about 450 µε. The highest differences between the two 
methods of are related to the fixation form and number of screws used.  

Using eight screws, the distribution of the strains are concentrated in eight different points. In the numerical 
modeling, the strains are concentrated at the interface between the osteossynthesis plate and femur. This is the main 
factor affecting the strains at the body of the plate.  

In both methods of fixation of the plate (numerical or experimental models), the strains are concentrated mainly at 
the medial part of the plate, due to presence of the space between the bone fragments. At the superior part as in the 
inferior part of the plate, the strains are low. These results are very similar as in the FEM as in experimental models, 
with use of the FBG, mainly the behaviors of the curves presented in graphs. The results obtained in the present work 
are very similar to ones obtained by Talaia, 2007, where there are strains around 400 µε at the medial part of the plate 
and very small strains (below of the 100 µε) at the inferior and superior parts. This demonstrates that there are 
agreement between this study and others reported in literature.  

The geometry of osteossynthesis plates induces the concentrations of strains around the holes. To demonstrate this 
behavior of strains, an image (fig. 9) with detail was taken, where the strain values around the holes are listed as well as 
in a horizontal line, between holes.  

 

 
 

Figure 9: Comparison of strains, between the numerical and experimental models, at the osteossynthesis plate; at the 
extreme of the plate; and maximum principle strains at the plate, after load. 

 
When considering the strains around the hole (located at the fracture region, therefore without the presence of 

screw), the value arises up to1372 µε and in the region, between the holes, and the strains are between 97 µε and 150 
µε. It can be seen that a variation in the longitudinal positioning of the plate about 1 or 2 mm, can modify significantly 
the intensity of strains at the fracture location, after fixation. The present model does not take into account this type of 
analysis, therefore is considered an empty space between the fragments of the fracture. It would be very interesting, 
therefore, considering, in the model, the existence of a substance between the fragments, and therefore the levels of 
strains could be assessed at the focus of the fracture and then would be possible to clearly identify at what point of the 
window of the mecanostatic theory of Frost these situations are. 

 
4. CONCLUSIONS 
 
With the present work, it was possible to improve the geometry. The objective of the present work was the 

validation of a numerical model of a synthetic femur and was achieved. The experimental results were in accordance 
with ones obtained in previous works, developed at the University of Aveiro by Talaia, 2007, and Ramos, 2006, with 
synthetic femur developed by SAWBONES®. However, in this work, it was developed a new support system for the 
experimental set up, in order to approach a more physiological behavior of applied loads and to refine the numerical 
model.  

The results evidence that the regions of higher strain values are around holes, at the plate. Around the hole located at 
the focus of the fracture, therefore without the presence of screw, were observed the highest values of strain. A little 
variation in the position of osteossynthesis plates, around 1 or 2 mm, can interfere drastically in the strain level at the 
focus of the fracture, conditioning the efficiency of healing process.   

The use of FBG as sensory systems for strain analysis at bone surfaces is very promising. They are able to be glued 
in irregular surfaces and geometries. The multiplexation of several sensors in the same optical fiber is a very interesting 
issue for the choice of a proper acquisition system, compared with other ones like strain gauges.  
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