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ABSTRACT

Recently,  the term BioCAD has  appeared  to  refer  to the modeling  of  biological 
processes.  This  work  focuses  on  the  analysis  of  structural  properties  such  as 
porosity of bioimplants for bone reconstruction. Specifically, we present a method 
that, using 3D microCT images, simulates the behavior of a  porosimeter, i.e. an 
instrument to measure the porous structure of  samples.  After segmentation,  we 
apply  a  process,  based  on  connected  component  labeling  and  skeleton 
computation,  which  produces  a  result  comparable  to  the  real  porosimeter 
experiment. 

Keywords: BioCAD modeling. 3D digital topology. Pore quantification. 

1. INTRODUCTION
In recent years, the spectacular development of bioengineering has yield to the apparition of a new 
application field of Computer-Aided-Design, the BioCAD, aimed at the design of new models for 
biological structures and simulation methods for biological processes. One of the most active areas 
in bioengineering is the design of new bioactive materials for bone repair, such as hydroxylapatite 
that promotes osseointegration. They can be implanted into damaged bones, where they stimulate 
bone  formation.  The  characterization  of  the  bioimplants  not  only  depends  on  the  chemical 
composition  of  the bioimplant but also on its topological  structure.  Specifically,  bone ingrowth 
occurs through the pores of the implants where blood can flow. Therefore, the analysis of the pores 
volume, their distribution and their interconnectivity is of paramount importance for the design of 
biomaterials.

Currently, the physical device used to measure the porosity of the materials is the porosimeter. 
Porosimeters measure the intrusion volume of a fluid through a core sample of the material as a 
function of the pressure applied to the fluid. Pressure yields pore diameters. Usually the fluid used 
is  mercury,  but for  hydrophobic  samples,  water-based porosimeters  can be used.  Porosimeters 
provide the volume of pores connected to the exterior (Effective Porosity)  and the distribution of 
pores diameters.  However,  they do not measure other relevant parameters  related to porosity, 
such as the volume of pores not connected to the exterior  (internal  pores or cavities)  and the 
interconnectivity between pores. For such measurements, BioCAD tools have been designed, based 
on the analysis of 3D images of a sample scanned with a medical imaging device, generally a micro 
CT. Given a 3D voxel model of CT-scanned sample, it is possible to measure the Total Porosity of 
the material  by counting the number of empty voxels.  Then, the connected components of the 
pores space can be separated and a seed-based algorithm can be applied to detect which of these 
components are connected to the exterior, and, therefore, the Effective Porosity can be estimated 
as the number of empty voxels of these components. In order to compute the radial distribution of 
pores, virtual  pores must be fitted into the empty space.  Several  methods to do so have been 
proposed. Some authors count only one pore per connected component of the empty space [10]. 
Other authors [2] [11] consider as pores maximal disjoint spheres centered in the skeleton of the 
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pore space.  Even if  these methods give visually  good results,  it  is  difficult  to validate them in 
comparison to physical measurements, because they are not based on the same principle as the 
porosimeter.

In this paper, we propose a new method to simulate the behavior of the porosimeter using microCT 
3D images of a bioimplant. Our method is based on an iterative process of virtual intrusion into the 
pore  space.  It  obtains  results  comparable  to  those  of  the  porosimeter.  Moreover,  it  provides 
information of the connectivity of the pore space and of the pores that are not connected to the 
exterior. In addition, it can be compared to other pores fitting methods in order to evaluate their 
assets and flaws.

2. BACKGROUND
2.1 Porosity characterization
A porous material can be defined as a solid material with holes in it [4]. In a porous material as a 
bioimplant, we consider the volume of the solid phase, Vb and the volume of the porous phase, Vp. 

The Total Porosity is defined as the volume fraction of the porous phase, TP = (Vp / (Vp + Vb). In the 
porous phase, two different types of regions are considered, the porous regions connected with the 
exterior (with volume Vextp) and the isolated regions not connected with the exterior and referred 
as cavities. The Effective Porosity is related to the first kind of regions, EP = (Vextp / (Vp + Vb). We 
also consider  the surface area as the area of  the surface separating the solid from the porous 
phase. 

Properties of the pore space are pore size and shape. In materials presenting a porous topology 
with cavities  completely isolated,  each cavity is considered a pore and, therefore,  it  is  easy to 
obtain  a  pore  size  distribution.  But  for  the  most  usual  topologies,  with  a  porous  phase  fully 
connected, it is more difficult to characterize shape and size of the pores and several approaches 
use the concept of throat. The size of a throat limits the accessibility of a possible larger pore, and 
for material properties as permeability, is the size of importance and a pore throat size distribution 
can be computed. The physical experiments based on porosimetry and the approach presented in 
this paper that simulates them are based on the concept of throat. 

2.2 Porosity measurement with a porosimeter
Porosimetry is based on the capillarity law governing penetration of non-wetting liquid as mercury 
into  porous  regions.  Experiments  with  a  porosimeter  allow  to  intrude  mercury  at  different 
pressures, obtaining the corresponding intruded volumes. 

Porosimetry measurements generates a mapping between the real pore structure and a random 
network of cylindrical  tubes with circular  section.  This mapping is useful  for calculating several 
parameters  as  porosity,  fluid  permeability  and  tortuosity,  but  not  for  a  real  geometric 
representation of the pore structure. Although it would be better to consider pores with elliptical 
cross-section, the results based on circular cross-section for these parameters are equivalent [3]. 
Due to the nature of  this experiment,  only the porous regions connected with the exterior  are 
considered.

Considering cylindrical  pores,  the Washburn equation  gives a representative  diameter  for  each 
pressure,  D= - (4 WC  γ  cos  φ) / P,  where  D is the diameter,  P is the applied pressure,  γ is the 
surface tension, φ is the contact angle and WC is the Washburn constant. 

Then, for each intruded pressure Pi, the porosimeter gives the corresponding intruded volume, Vi. It 
also  computes  the  specific  volume  Ii =  Vi  /  Ws,  Ws being  the  weight  sample.  Diameter  Di 

corresponding  to  pressure  Pi is  computed  by  the  Washburn  equation.  Then,  each  incremental 
specific volume, computed as ΔIi = Ii – Ii-1, is associated to the corresponding mean diameter, Dmi = 
(Di + Di-1)/2 and to the incremental specific pore area ΔAi = 4 ΔIi /Dmi, for each applied pressure.
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2.3 BioCAD methods for porosity estimation
Recently several methods have been developed to measure structural parameters as porosity and 
connectivity  from digital  images.  Concerning  with  the  porosity,  there  are  methods  that  simply 
compute TP from the voxelized model by simple voxel counting [9] [10]. 

Devising a complete representation of the pore space is addressed in very few papers. In [10], a 
pore is defined simply as a 6-connected component of the pore space. The pore space is subdivided 
into connected components and each of them is considered a pore. The surface of the pores is 
extracted using the Marching Cubes (MC) triangularization. In this work, the authors conclude that, 
since the pore space is generally highly connected, in most cases, they detect only one pore. A 
more precise modeling of the pore space is performed in [2] in order to evaluate the permeability 
and pore size parameters. This method is based on an initial skeletonisation of the pore space and 
the application of a two-pass heuristic. First, the pore space is filled with non-overlapping spheres 
centered at skeleton points, and, then, these spheres are inflated until any voxel of the pore space 
belongs  to one of  them. These inflated spheres  are considered individual  pores.  However,  this 
method can create pores with strange shapes, that may have local narrowings. 

Another approach computes a graph of the pore space such that each node of the graph represents 
a pore, and an edge between two nodes indicates that the two pores are path-connected [11]. In 
this approach, pores are disjoint and with maximal sizes. This method separates the porous region 
into connected components and applies a four-step process to each of them. After computing the 
distance  map,  the  method  identifies  local  maxima  in  it  and  computes  a  rasterized  sphere 
associated to each local maxima. Initially, every rasterized sphere is considered as a potential pore 
and, therefore, pores can share voxels. The method supports a data structure with all the sets of 
voxels belonging to each possible pore (non-shared with other pores) and to each combination of 
interfering pores (shared voxels).  The third step allows to grow some pores,  shrink others and 
remove other ones so that, at the end of the step, all the remaining pores are disjoint. The applied 
criterion  is  based  on  the  size  of  the  non-shared  and  shared  subsets  of  pores.  The  four  step 
computes the arcs of the graph.
 
Other techniques to compute porosity are based on stochastic geometry (Monte Carlo methods) [8] 
and fractal analysis [6].

3. THE VIRTUAL POROSIMETER 
3.1 Overview 
The method presented in this paper is composed of four main steps: segmentation, computation of 
the connected components of the pore space, porosimeter simulation and construction of the pores 
interconnectivity  graph.  The  first  two  steps  are  common  to  other  BioCAD  methods  for  the 
estimation of porosity. 

In the first step, we classify the voxel model into three regions: Ve (exterior), Vb (biomplant) and Vp 

(pore space). Once the model has been segmented, we are able to compute the Total Porosity (TP) 
on the basis of the number of voxels of the pore space in relation to the number of voxels of the 
material: TP=|Vp|/(|Vp| + |Vb|).

In the second step, we separate the pore space into its set of connected components CPi i=1 ...n 
using a customized connected component labeling algorithm [5] that scans the volume slice to 
slice, updating a list of 26-connected components. Next, we check for each of the components if 
there exists at least one voxel of the component that is connected to the exterior. The set of the 
connected components connected to Ve is Vextp. Then the Effective Porosity is computed as: EP = |
Vextp|/(|Vp| + |Vb|). In this step of the process, we compute a voxel model of the sample such that 
each voxel is labeled according to the connected component to which it belongs.

The third step of the process, described in Section 3.2 consists of the simulation of the porosimeter. 
It takes as input the labeled voxel model computed in the second step and gives as output a new 
voxel model such that each voxel is labeled according to the virtual pressure with which the voxel 
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has  been  virtually  filled.  The  radial  distribution  of  the  pores  is  computed  on  the  basis  of  the 
incremental volumes filled at different virtual pressures. 

Finally,  the  fourth  step,  constructs  the  pores  interconnectivity  graph  using  the  voxel  model 
computed in step three. This is explained in Section 3.3.

3.2 Simulation of the porosimeter
The presented approach follows a brute force strategy that simulates the incremental penetration 
of  mercury  at  increasing  pressures.  As  in  real  porosimetry  only  those  connected  components 
connected to the exterior (external components) are able to be filled, so totally interior components 
(cavities) won't be considered. 

The input of this process is the voxel model, labeled by its connected components, and with its 
associated distance map and a list of decreasing radii, r1, r2, ...rn. This list of radii can be computed 
from  the  corresponding  given  pressures,  by  applying  the  Washburn  equation,  or  by  defining 
intervals between the minimum and maximum values of the distance map. As we are simulating 
the porosimeter, we will obtain this list with the same pressures used in the porosimeter. Each of 
this radius, ri, actually represents the radii interval  [ri, ri+1[, so we will refer to them as intrusion 
radius interval. The output of the process is the connected component with its voxels labeled with 
the maximum intrusion radius interval (or the corresponding virtual pressure) that has allowed to 
fill it.

The algorithm performs the following process  for  each external  connected  component.  First,  it 
computes its skeleton, using the method presented in [7] and [1], which obtains a surface (2D) 
skeleton with the same connectivity as the original model. Then, it identifies those skeleton voxels 
that are connected with the exterior and initializes a list (globalseed list) with them. 

After  these  two  initial  processes,  the  iterative  process  for  each  intrusion  radius  interval  is 
performed in descending radius order. First,  all  those voxels in the  globalseed list with a value 
belonging to the current intrusion radius interval are inserted into another list (currentseed list) as 
seed voxels for the simulation of the filling process corresponding to the current iteration. 

Then, for each voxel of the currentseed list, a sphere centered at this voxel and with a radius equal 
to the voxel associated distance is considered and all those voxels inside it are labeled with the 
current intrusion radius interval, except those already labeled in a previous iteration. When all the 
voxels in the  currentseed list have been processed, the method continues with their neighbors. 
Therefore, all those skeleton voxels which are neighbors of a processed seed voxel are considered. 
Those with a value belonging to the current intrusion radius interval and that have not already been 
processed as a seed are inserted into the currentseed list while those with a value not belonging to 
the current intrusion radius interval (a smaller value) are inserted in the globalseed list and will be 
processed  in  their  corresponding  iteration.  Note that  all  those voxels  not corresponding  to  the 
current intrusion radius interval have not yet been processed as a seed.
 
When the currentseed list is empty and all the processed neighbors have a value not belonging to 
the current intrusion radius interval, the method performs the following iteration corresponding to 
the  next  intrusion  radius  interval.  Then,  all  those  voxels  in  the  globalseed  list with  a  value 
belonging to this next intrusion radius interval are inserted into the currentseed list and the process 
continues in the same way as the previous iteration until both lists, currentseed and globalseed, are 
empty. To facilitate this process the globalseed list is sorted by the intrusion radius interval. Fig. 1 
illustrates the algorithm. 
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Fig. 1: Example of three iterations with the virtual porosimeter. From left to right: The original voxel 
model; First iteration at the smaller intrusion pressure P1; Second iteration at a stronger intrusion 
pressure  P2; Third iteration at the strongest intrusion pressure  P3: All reachable voxels are now 
labeled; The computed pore graph.

3.3 Pores interconnectivity graph computation
We construct a graph of the pores interconnectivity such that the nodes of the graph are the pores 
computed with the porosimeter  simulator,  and such that an edge between two pores  pi and  pj 

indicate that pi and pj are directly path-connected, i.e., there exists at least one voxel vi of pi and one 
voxel vj of pj that are adjacent. 

After the porosimeter simulation, each connected component of the pore space is composed of 
pores with different labels. We apply the same connected component labeling [5] as the one used 
in the second step of the overall process. This gives us a list of all the voxels associated to each 
pore. We use this list to construct the pores graph by inserting the pores as nodes of the graph. We 
associate  to  each  node  the  intrusion  pressure  of  the  pore,  its  minimum  and  maximum  radii 
computed as the minimum and maximum value of the distance map of the pore's voxels, its set of 
voxels and the minimum bounding box of the set. Finally, we check the neighbor voxels of all the 
voxels of each node of the graph, and insert an edge in the graph between the nodes that have 
adjacent voxels.

The graph can be used to query for any pair of pores if they are path-connected and which is the 
minimum radius of the connection. To do so, we just have to traverse the graph starting at the node 
corresponding to one pore until reaching the node corresponding to the other and updating through 
the path the minimum radius.

Moreover, the graph pore can be visualized, as illustrated in Fig. 1. Each node is represented by a 
sphere proxy having as center  the center  of  its minimum bounding box and as radius the one 
corresponding to its intrusion pressure. Each edge is represented by a segment between the two 
pores minimum bounding boxes centers.

4. EXPERIMENTAL RESULTS
We have applied the presented method on different models. We first show in Fig. 2 a set of four 
frames of the animation of the virtual porosimeter process inside a femur bone sample. 

We herein show the results obtained on a sample (dataset 1) of Poly-95%LL,5%DL-lactic acid (PLA). 
Fig. 3 shows a slice of this model. The scanned images have a resolution of 1750x1750x501 with a 
voxel's edge size of 0.7 m. Since the volume data is very huge, we have downsampled the images 
to a more amenable size of 256x256x73 using a trilinear interpolation filter. Then, we have applied 
a threshold filter to binarize the images. Next, we have segmented the model into three regions: 
the exterior empty space, the material and the internal empty space, i.e. the porous region. Since 
the  sample is  a  cylinder,  we have been able  to  implement  this  segmentation  as  a  geometric 
process of clipping the images against a circular shape. Then, we have applied a median filter to 
remove  the  salt-and-pepper  noise  of  the  images.  Finally,  we  have  applied  the  explained 
porosimeter simulation to the images. 
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Fig. 2: Four steps of an animation of the filling process. From left to right: Initial bone mesh; First 
intrusion is shown in blue; Second intrusion iteration in green; Last intrusion in red. All pore space 
voxels are reached.

Fig. 3: A slice of the dataset 1 before (left) and after (right) pre-processing. In the left image the 
bioimplant is white and the empty region is gray. In the right image, the dark gray voxels are 
exterior, the black ones are the biomaterial and the white the empty ones.

We have applied the proposed method to another sample (dataset 2) of the same material with size 
1280x1280x987 and a voxel size of 7.4  m. This dataset has been downsampled and sliced to 
1024x1024x96.  We have been supplied with the real porosimeter's histogram for this sample, so 
we have obtained the histogram with the proposed method for the downsampled dataset (See Fig. 
4). The results compared with those of the porosimeter's are very similar. The differences are due 
on one hand to the discretization of the sample in the scanning process and the loss of information 
due to the downsampling; on the other hand to the fact that the some mercury is stuck on the 
pores surface in the porosimeter and blocks some small throats. 

In Fig. 5 (right) a 3D image of dataset 1 is shown where each voxel of the porous region has been 
colored according to its corresponding intrusion pressure. Fig. 5 (left) shows a 2D cross section of 
the same model. We can observe the spherical shape of the “waves front” filling the porous region. 

The real  porosimeter  does  not  separate  regions  labeled  with  the same intrusion  pressure into 
different cavities  according to their radii  (see Fig. 6).  The Virtual  Porosimeter obtains the same 
result. Geometric-based methods for the estimation of pores do take into account the topology of 
the porous region,  and therefore,  they obtain  a different,  more accurate representation  of  the 
porous region taken into account the external components as well as the cavities. We can see the 
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differences between the two models. The comparison of the results of the geometric method and 
the Virtual Porosimeter results allows us to check the validity of the geometric method. 

Fig. 4: The computed histogram for dataset 2 (left) compared to the real porosimeter one (right). 
The X-axis (log) shows the entry pore diameter (in μm), the Y-axis the volume filled (in mL/g).

Fig. 5 Four different 2D cross sections of the filled pores for dataset 1 (left). 3D visualization of this 
model (right). The color scale symbolizes the filling pressure (blue for low pressure and high entry 
size, red for high pressure and low entry size). The material is shown in black (left) and pink (right).

Fig. 6 Pores computed for dataset 1 (applying the geometric-based pore fitting method [11] (left) 
and the proposed porosimeter simulation method (right).
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5. CONCLUSIONS AND FUTURE WORK
We have presented a new method to simulate the measurements of a porosimeter onto a BioCAD 
voxel model of a CT scanned bioimplant. Our method consists of iteratively flooding the empty 
region inside the bioimplant through increasing intrusion radii. We achieve a good simulation of the 
real porosimeter. Moreover, we are able to compute and visualize a pores interconnectivity graph. 
Our  method  allows  us  to  validate  other  pores  estimation  methods  based  on  geometric  and 
topological properties of the empty region. 

The global process of the image is costly. We are currently working on enhancing its efficiency 
optimizing the algorithms. Moreover, we are developing new methods to compute other structural 
parameters such as connectivity.
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