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Abstract

The synthesis of cancellous bone has a variety of factors to influence the design of 
trabecular bone including structure, material properties, geometry and permeability. To 
investigate such relationships, we used a constant flow rate permeameter to determine the 
intrinsic permeability of trabecular bone. The paper describes an analyses of actual and 
ideal model of microarchitecture and compares the corresponding permeability to find the 
similarity of cancellous bone structure that represents actual cancellous bone. In the present
simulation, a computational fluid dynamics method was used to analyse fluid flow, the 
morphology of cancellous bone, the trabecular thickness (Tb.Th), trabecular separation 
(Tb.Sp), bone volume fraction (BV.TV) and bone surface density (BS/BV). Three different 
models were analysed; actual model of cancellous bone, prismatic and quadratic crystal 
shape. The model geometry is 4.5 mm (diameter) and 4 mm (height). Fluid media in the
simulation is blood, with a pressure of (15 kPa) and mass flow rate (100 ml/hr). The 
comparison of three model microstructure is also presented. The results show that prismatic 
model have similar permeability with actual model of cancellous bone. Quadratic crystal 
shape was the most grates permeability of cancellous bone.

Keywords: Cancellous bone; Permeability; Porous media; Mechanobiology transport;
Trabecular.

1. Introduction

Osteoporosis is a skeletal disease characterized by low bone mass and microarchitectural 
deterioration of bone tissue, and is associated with an increase in bone fragility and low-energy 
fractures [1, 2]. There is a high correlation with low bone mass and increased fracture risk. To 
repair cancellous bone disease, the orthopedic surgeons have traditional method that includes
autograft and allograft. The traditional method has limitations such as donor site morbidity, 
infection, pain, hematoma, genetic differences, limited donor bone supply, anatomical and structure 
problems, loss of bone inductive factors and elevated levels of resorption during healing. To reduce 
some limitation, the surgeons used implantation or artificial cancellous bone with mimicked 
microarchitecture of trabecular bone. 
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The synthesis  of cancellous bone has a variety of factors to influence of the design 
including structure, material properties [3], geometry and transport phenomena of trabecular bone. 
This paper focuses on transport phenomena such as properties of cancellous bone. Marrow 
movement in cancellous bone will cause shear stress at the trabecular surface. As the cancellous 
bone deforms according to applied mechanical loads, there should be pressure differences within 
the cancellous bone. The  magnitude of this pressure difference across the cancellous bone will 
depend on a variety of factors, including bone strain [4, 5], marrow rheology, and bone matrix 
permeability [6, 7].

The concerned transport phenomena is a pumping mechanism to maintain the hydration and 
nutrient supply [8] or the movement of bone marrow  to the bone. The dominant flow going to pore 
structure of the cancellous bone can become an alteration of mass transfer properties which is one 
of the numerous key points of the mechano-biological control loop of the evolution of the pathology 
[8] or quality of the bone. Cancellous bone and the restorative remodelling response observed in 
response to disuse cause a thinning of existing trabeculae and a loss of trabecular bone volume with 
eventual loss of connectivity between trabeculae [4]. The trabecular bone is a self-repairing 
structure material with biological-nutrients, which adapts its material properties, and shape in 
response to altered mechanical loading. Bone mass and architecture are regulated by physical 
activity, and significant changes in bone mass have been observed when physical activity has been 
reduced or increased [4]. 

The hydraulic permeability of cancellous bone is function of porosity and viscosity [6, 7, 9-
11].  However, very little is known about the permeability of vertebral cancellous bone, especially 
the interdependence of permeability and porosity. Some researches have investigated the correlation 
of permeability of cancellous bone based on different locations at anatomic calcaneal [7, 8, 10]. The 
porosity of cancellous bone is dependent on the structure, anatomic site and direction of cut of the 
bone. Structure of cancellous bone consists of a continuous three-dimensional network of inter 
connected rod and plates and a pore space [10, 12, 13]. The porosity also affects the material 
properties and strength of the structure.

From the previous studies of marrow free specimens vary over six orders of magnitude, it 
was found that the permeability of cancellous bone is in a range 3.71×10-14 to 1×10-8 m2 for human 
calceneous [11].

The aim of the present study is therefore to analyse permeability of actual and ideal model 
of microarchitecture. Our specific objective is to compare permeability of ideal and actual of 
trabecular bone in order to find the similarity of cancellous bone structure to represent actual 
cancellous bone.

2. Materials and Methods

Three dimensional model of a cancellous bone was constructed from micro computed 
tomography (μCT) image data set. The dataset comprised 190 layers of 2D images of trabecular 
structure in cylindrical form with a diameter of 15mm and a height of 190mm (Fig. 1). The small 
section was taken out from the cancellous bone sample for analysis with size diameter 4.5mm, 
height 5mm as in figure 1.

Twenty sub-regions representing one unit cell each were taken out from the cancellous bone 
sample for parametric analysis.  Six indices  were chosen to describe the morphology of all the unit 
cells – the trabecular thickness (Tb.Th), trabecular separation (Tb.Sp), bone volume fraction 
(BV.TV) [5, 14], Bone surface density (BS/BV), Like-plate  trabecular (P) and like-rod trabecular 
(R) [15-18] as shown in figure 2, and also the porosity of the trabecularpart of morpological.

Porosity is a measure of the void spaces in a material, and is measured as a fraction, between 
0–1, or as a percentage between 0–100%. Based on the definition, the porosity ε of trabecular bone 
is simply determined by
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                                                                                                           (1)

where V0 is the total volume of a single cell and V is the volume that struts occupy.

Figure 1. Three dimensional model of a trabecular bone reconstructed from μCT and a section from 
the model used in the analysis.

Figure 2. One unit cell of cancellous bone showing the measurement for the morphological indices.

From the morphological indices, two idealised models of trabecular microarchitecture were 
constructed – the prismatic and the quadratic crystal shape, as in figure 3.  All the models were then 
turned into simulation model.  Table 1 shows the actual and idealised models in three different 
views.  This would give a rough idea of how closely the idealized models resembled the actual 
bone.

                
       (a)                                    (b)

Figure 3. Unit cell of idealized cancellous bone; (a). Prismatic model and (b). Quadratic crystal 
shape (QCS)
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TABLE 1 ACTUAL CANCELLOUS BONE AND THE IDEALIZED MODELS.

Model Isometric view Side view Top view
actual

Quadratic 
crystal 
shape

Prismatic

The model simulation was developed using 3D CAD drawing as shown in figure 4. The 
model has been commonly used in determine permeability of cancellous bone [10]. Cancellous 
bone model was put at centre of the two cylinder model simulation. Blood were used as fluid media 
for simulation. The operating pressure is 15 kPa, dynamic viscosity is 0.005 pa.s, temperature of 
fluid is 37°C [6, 10] and volumetric flow rate is 100 ml/hr [6]. Porous media is dependent on the 
porosity of material and permeability type is unidirectional. the simulation was performed using 
static pressure and constants flow rate [11]. A CFD software was used to simulate model of 
cancellous bone, the model to simulate typical in vitro experiment testing condition (figure 4). For 
each model, the pressure and velocity value were plotted.

Figure 4. Boundary condition of simulation.

Suction

Discharge
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Permeability was calculated using Darcy's law from the equations detailed in [6, 7, 9-11, 19-22]: 

                                          (2)

where Q is the volumetric flow rate (m3/s), As is the cross-sectional area of the specimen (m2), Pu is 
the upstream pressure (Pa), Pd is the downstream pressure (Pa), Ls is the specimen length (m), µ is 
the fluid viscosity (0.001 Pa.s for water), and k is the intrinsic permeability of the specimen (m2).

3. Results 

Figure 5 shows thickness distribution of cancellosu bone, the mean value of trabecular 
thickness was found to be 0.366mm, ranged from a minimum of 0.084mm to a maximum of 
1.89mm.  Figure 6 shows cancellous bone separation with ranged from 0.148 to 5.085mm and the 
mean value is 1.67mm.  Average bone volume fraction was 0.322 and bone surface density was 
8.39mm-1.  Like-plate trabecular was 2.7 and like-rod trabecular was 5.8. 

Figure 5. Thickness Distribution of cancellous bone.

Figure 6. Separation distribution of cancellous bone.
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The simulation result taken at region of interest (ROI) cancellous model only. From the 
simulation, figures 7, 8 and 9 show contour plots of pressure and velocity distribution of flow 
through cancellous bone with three models; actual, prismatic and QCS model, with mean value of 
gradient pressure across the specimen was found to be 8.49298E-02Pa for actual model,  9.07125E-
02pa for prismatic model and 6.19553E-02 Pa for quadratic crystal shape. The maximum velocity 
of actual model is 7 mm/s, after the flow through the cancellous bone velocity will reduce become 
4.3mm/s. prismatic model have maximum velocity 4mm/s and QCS model 3.7mm/s, these result 
only representative for one model.

Velocity and pressure distribution were taken from every model shown figures 8 and 9 only 
at the centre  model. This velocity will be used for calculating permeability of model. Normally 
velocity and pressure are calculated at the centre of model because at that position give higher
accuracy for the analysis. The actual model gave higher velocity compared to other models. 
Generally, velocity and pressure profiles are the same for every model, when the model get the 
pressure drop the velocity will be reduced. Prismatic model shows more pressure drop compared 
the other models.

Velocity (mm/s) Pressure (MPa)
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Figure 7. Contour plots of pressure and velocity distribution of flow through cancellous bone with 
three model; actual, prismatic and QCS model

Result line
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Figure 8. Velocity distribution of three model, the result taken from center of model (result line) 

From the calculation of the specimen model of cancellous bone, it is shown that every model 
has different porosity. The range value of porosity 70% to 80% is actual model, 87% to 89.5% is 
prismatic model and 85% to 86% is quadratic crystal shape. The intertrabecular permeability for the 
all specimens ranged in order of magnitude from 2.13E-05m2 to 8.13E-08m2. Permeability was 
calculated from at the centre only as in figure 10. Every type of model has difference between the 
minimum and maximum permeability. Actual model of permeability value in range 1.99E-07m2 to 
1.01E-05m2, prismatic model in range 8.13165E-08m2 to 1.35948E-05m2 and QCS model in range 
1.14E-05m2 to 2.13E-05m2, as depicted in figure 10. 

Figure 9. Pressure distribution of three model, the result taken from center of model (result line) 
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Figure 10. Cancellous bone permeability at three difference model

The dependence of permeability on porosity was complex and the porosity itself depended
on anatomic side. Anatomic side depends on the location structure.  Fig. 10 shown significant 
logarithmic regression at the R2= 0.866 for prismatic model and last one is R2= 0.451 for actual 
model. To that end, it is obvious that prismatic model have the highest dependence of porosity with 
permeability.

4. Discussion

The simulation results show that the macroscopic permeability of the cancellous bone is not 
uniform. The central zone is more permeable than the periphery. This result was consistent with 
histological findings and qualitative studies from the literature.

The expression of the structure is a function of the relationship for the permeability of 
cancellous bone, which has the potential for application to design artificial trabecular bone. 
Permeability of cancellous bone is a factor affecting artificial cancellous bone as load bearing. From 
the simulation, we found permeability in the range of 2.13×10-5m2 to 8.13×10-8m2, this value agrees 
well with previous researches. The differences in the result is because previous researchers used 
different fluid as medium, for this study the we have used blood as the fluid medium and another 
research using bone marrow [6, 11, 22] as fluid medium. From the present simulation we obtained 
more details about distributions of permeability at the specimen. Hence, the present simulation has 
capabilities to calculate the  permeability easily at every point of the specimen. 

Dependence of intertrabecular permeability on the structure [8], porosity, bone volume 
fraction, anatomic site [6, 7, 9-11, 22] and location taken of trabecular of each anatomic [13] have 
similarities with this simulation. Bone permeability (Fig. 10) increased in an over-proportional 
fashion with respect to porosity. This type of relation is not surprising because permeability is 
typically dependent on geometry in a higher polynomial fashion. These researches were more 
focused at the permeability as function to develop structures for replacing actual cancellous bone. 
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QCS model has higher permeability compared to the other model, but the porosity of 
prismatic structure is higher. It causes the structure of QCS to be more complex. That is immense
relationship affects permeability with flow direction through of cancellous bone. Its complex 
structure will block the flow passing through the trabecular. 

Characteristics of the flow through cancellous bone has implicated to the mimicked or 
artificial intertrabecular bone. Also, this permeability may have implication for the design of 
cemented prostheses total joint replacement and for clinical success of trabecular defect an optimal 
bone replacement must have a greater permeability than the surrounding bone [11]. The greater 
permeability as function transport properties for mass transfer or good nutrient supply. Normally 
when the permeability increases, the porosity becomes high, with this condition the trabecular bone
is easier to get fractured. The ideal condition is a cancellous bone that has lower porosity but higher 
permeability. It’s possible when the fluid flow pass through vertical direction. An example 
cemented prostheses replacement, best method to fill cement between cancellous bone with implant 
is vertical direction or longitudinal with the structure.

5. Conclusion

This study analysed the dependence of porosity on permeability of cancellous bone. Three 
models were reconstructed and developed (actual, prismatic and quadratic crystal shapes). Velocity 
and pressure distribution for the blood flow past the cancellous bone were plotted. Such 
distributions were provided as input data for calculating permeability for each model of cancellous 
bone. The results showed prismatic model to have similar permeability with actual model of 
cancellous bone. Quadratic and crystal shapes had the highest permeability of cancellous bone. 
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