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Abstract: The distraction osteogenesis has an important position in orthopedic surgery, and it is still object 

of research to get better understanding of bone healing. The response of callus bone to mechanical loading 

can be used for assessment of treatment progress. The mechanical strain distribution is often used for 

assessment in case of bone remodeling (Frost, 1994), thus it could provide additional information of fracture 

healing progress as well. The strength of the whole callus bone is significantly affected by architecture and 

tissue properties, which are very difficult to obtain. This article presents finite element analysis of bone 

fracture healing based on input information obtained from micro-CT scans. The objective of this study is to 

find which part of callus determines the maximal appropriate loading of whole callus. The four pieces of 

rabbit tibia fracture callus were micro-CT scanned 30 days after osteotomy using an isotropic voxel size of 

20 μm. All finite element models were axially loaded to investigate the reaction force value for different 

segments of the callus. The mechanical strain distribution and reaction forces of callus were evaluated to 

compare the differences between each part of models. The results show that the present approach by using 

finite element method (FEM) is a useful tool in understanding and assessment of fracture healing process. 
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1. Introduction 

Many people suffer from unequal length of extremities or dwarfism. One treatment procedure is offered 

in orthopaedics by means of distraction osteogenesis (bone lengthening). The whole process of distraction 

osteogenesis could be separated into two phases, bone lengthening and consolidation (fixed length, bone 

maturation). In this second phase of fracture healing, the callus consists of several tissue types. The bone 

reacts to the mechanical loading by remodeling if it is loaded optimally. The mechanostat hypothesis 

describes the process of how bone responds to loading (Frost, 1994). This approach can be used for bone 

healing process at the end of the second phase of bone lengthening. 

 

Fig. 1: Shape of all callus a), b), c), d). 
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This study of callus bone response was performed on four rabbit tibia subjected to mid-diaphyseal 

osteotomy and distraction osteogenesis. The geometry of all callus is shown in Fig. 1. After 30 days (10 

days distraction and 20 days consolidation) each callus was scanned using a high resolution micro-CT 

system [SCANCO Medical AG]. The length of each callus was in range of 10-12 mm, the cross-section 

diameter is approximately 8 mm. The specimen was scanned at 20 µm resolution. More details can be 

found in (Aleksyniene et al., 2009). 

If a voxel based finite element mesh of the whole rabbit callus is created, using the 20 micrometer 

scanning resolution, one ends up with approximately 150 million finite elements. This is not 

computationally feasible without supercomputers and parallelized numerical schemes, thus some 

simplifications are necessary. 

The overall goal of this study was to determine which part of the callus provides the most important 

stiffness. The FEM software ANSYS was used for this purpose. The detailed finite element models are 

created from microCT files (Marcian et al., 2012; Marcian et al., 2012). 

2. Methods  

The scans obtained from micro-CT were segmented in STL Model Creator (Marcian et al., 2011), where 

saving of pixel intensities is enabled. The pixel intensity can be recalculated to Young‘s modulus, thus the 

material properties can be read into finite element software according to element position (Fujiki et al., 

2013; Valasek et al., 2010). The dependence of pixel intensity in microCT scans and Young’s modulus 

value is shown in Fig. 2, which is similar to other work (Fujiki et al., 2013; Shefelbine et al., 2005). The 

range of pixel intensity is 0-4095. The maximum value of Young’s modulus was determined based on La 

Russa (2012), where experiments and numerical models were compared in three point bending. The 

computational model of each callus is created accounting only for voxels with pixel intensity above 1250. 

The computational model of callus A with nonhomogeneous linear elastic material properties is shown in 

Fig. 3.In order to have feasible FE models, instead of using solid elements with 20 micrometer edge, the 

size was set to 60 micrometer. This led up to 4 milions elements for each segment of callus. The 

discretization was created using the tetrahedral 10-node element SOLID187, which has a quadratic 

displacement interpolation and is convenient in capturing details and avoiding bad element shapes. Each 

callus was divided into five segments. Each segment was axially loaded by 0.1% elongation by 

prescribing displacement at the bounding sections of the segment. Afterwards the corresponding reaction 

force was calculated. This provides information about how the stiffness is distributed along the callus. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Young’s modulus dependence  

on pixel intensity. 

 

Fig. 3: Young’s modulus of callus A  

second segment. 
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3. Results  

The reaction force due to the displacement loading was calculated for each segment and compared to the 

highest value of each callus. The distribution of the reaction force along callus is shown in Fig. 4. The 

highest value of force, which corresponds to 0.1% segment strain, is dominantly in middle segment in 

case of callus B, C, D; and in the second segment in callus A. On the other hand the force difference 

between second and third segment of callus A is not so significant. The lowest value of force is 46%, but 

the reaction force of third segment of callus D is significantly higher than in other segments. The highest 

value in the middle part could be due to the callus cross section, which is largest in the middle part of the 

callus and smaller at the ends. Also the material properties are important in this regard. The quantity of 

mineralized tissue is significantly changing through whole process of healing (Morgan et al., 2009). The 

time of scanning callus corresponds to end of second phase (consolidation). At the callus ends the old 

cortical bone is present and new bone must be connected to them, which is more difficult than creation of 

new bone in the whole volume, like in the middle.  

 

 

Fig. 4: Reaction force due to 0.1% nominal strain in percent of highest value of each callus. 

The mechanical strain distribution of four calluses was investigated to see if the response to mechanical 

loading is physiological or pathological overloading. In the present study we use microstrain to assess 

callus model response. A closer study of strain distributions shows that the whole callus is in 

physiological loading, thus the remodelling of callus can be expected. Physiological loading is defined for 

strain 0.0002-0.002. (Frost, 1994) The strain distribution of callus A is shown in Fig. 5. 

 

 

Fig. 5: Strain distribution of callus A, first, second and third part. 
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4. Conclusions 

The present study focused on determination of which part of callus has lower stiffness and governs the 

optimal loading to support bone healing. To find the lowest stiffness part the four calluses were divided 

into five parts, which were loaded by elongation 0.1%. The reaction forces were evaluated and compared 

to the highest value of each callus. The analysis of the callus shows that the end parts were the low 

stiffness segment, thus the optimal loading should be determined based on them. The middle part seems 

to be stiffer due to larger cross-section, moreover the material properties of this part at this healing phase 

are getting closer to mature bone mechanical properties.  

The results of finite element analysis show that the callus reaction to loading can be evaluated by 

mechanical strain distribution, which is dominantly below the bone pathological overloading value. 

Further work should deal with better determination of critical callus location, and time dependent analysis 

is necessary to perform (Vetter et al., 2011). The micro-CT should be done through whole phase of 

healing and the new experiments should be done to get more accurate estimates of Young’s modulus. 
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