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Abstract: Detailed knowledge of the porous architecture of synthetic scaffolds for tissue
engineering, their mechanical properties, and their interrelationship was obtained in a
nondestructive manner. Image analysis of microcomputed tomography (lCT) sections of
different scaffolds was done. The three-dimensional (3D) reconstruction of the scaffold allows
one to quantify scaffold porosity, including pore size, pore distribution, and struts’ thickness.
The porous morphology and porosity as calculated from lCT by image analysis agrees with that
obtained experimentally by scanning electron microscopy and physically measured porosity,
respectively. Furthermore, the mechanical properties of the scaffold were evaluated by making
use of finite element modeling (FEM) in which the compression stress–strain test is simulated on
the 3D structure reconstructed from the lCT sections. Elastic modulus as calculated from FEM is
in agreement with those obtained from the stress–strain experimental test. The method was
applied on qualitatively different porous structures (interconnected channels and spheres) with
different chemical compositions (that lead to different elastic modulus of the base material)
suitable for tissue regeneration. The elastic properties of the constructs are explained on the basis
of the FEM model that supports the main mechanical conclusion of the experimental results: the
elastic modulus does not depend on the geometric characteristics of the pore (pore size,
interconnection throat size) but only on the total porosity of the scaffold. ' 2009 Wiley Periodicals,
Inc. J Biomed Mater Res Part B: Appl Biomater 91B: 191–202, 2009
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INTRODUCTION
Polymer scaffolds of well-defined architecture and mechanical properties are fundamental tools to be used in tissue
engineering techniques. Synthetic scaffolds play the role of
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extracellular matrix that lead the organization of cells into
a three-dimensional (3D) architecture and address the
adequate mechanical stimuli, which direct the growth of
the new tissue.1–4
Several intrinsic properties have been assigned to the
ideal scaffold such as 3D interconnected pore network, biocompatibility, adequate surface properties to enhance cell
adhesion and proliferation, and the adequate mechanical
properties to match those of the surrounding tissue when
implanted.5–7 The mechanical properties of a synthetic scaffold depend on the physico-chemical properties of the material, its relative density, and the microstructural features.8,9
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There are different methods in the literature to produce
3D scaffolds such as phase separation,5 emulsion freezedrying,10 gas foaming,11 fiber templates,12 porogen leaching,13,14 and solid free fabrication (SFF)-rapid prototyping
(RP), techniques that involve building 3D objects using
layered manufacturing methods.2,15 The design of scaffolds
with controlled architecture continues being a central role
in tissue engineering techniques.16,17
The desirable way to evaluate the scaffold 3D architecture after the fabrication process would be a nondestructive,
noninvasive, and quantitative technique. Such goals can be
obtained after suitable image analysis methodologies from
microcomputed tomography images (lCT).18 lCT is a
technique to quantify the internal architecture of an object
in three dimensions after image analysis. The specimen is
irradiated with X-rays as it rotates through 1808. At each
degree increment, a projection radiograph is taken. The series of projection radiographs are then reconstructed into
2D slices. Upon traversing through the specimen, the radiation is attenuated and it emerges with reduced intensity to
be captured by the detector array. The attenuation is correlated with the material density and is typically represented
as a gray scale conforming a 2D pixel map.
lCT allows resolutions of a few micrometers down to
100 nm if synchrotron facilities are used as the radiation
source. lCT has been widely used to assess the trabecular
bone structure and growth.19–21 Only recently, it has been
started to be used to investigate the 3D architecture of synthetic scaffolds,22–25 as well as the tissue regeneration
within the scaffold, mainly bone ingrowth.26–30
The use of finite element modeling (FEM) as an alternative tool to evaluate the mechanical properties of synthetic
scaffolds is very convenient. The accuracy of the geometric modeling of the structure to be evaluated by FEM is
very important and can be obtained in detail from lCT
scans. The combined use of lCT reconstruction and FEM
analysis as a tool for the design of synthetic scaffolds has
been insufficiently investigated in the literature. The voxel
simulation technique from digital images obtained from
lCT was proposed by Hollister and coworkers31 to study
the bone remodeling phenomenon. Guldberg and coworkers32 employed micro-CT images to create 3D highresolution finite element models for estimating the local
stress and strain distributions in bone. Jaecques et al.33 performed lCT-based finite element modeling of native trabecular bone and bone scaffolds. In a more systematic
way, Lacroix et al.34 characterized macroporous calcium
phosphate bone cement and porous phosphate glass first by
lCT to investigate the porosity and then through the socalled lFEM (FE models obtained from lCT analysis) to
evaluate the deformation observed by the cells attached to
the material.
This work makes use of lCT and image analysis to
investigate the 3D architecture of polymer scaffolds of different geometries (interconnected spherical pores, pores
obtained from salt particles, and interconnected-perpendicu-

lar channels) and chemical composition (acrylates of different
hydrophilicity and starch/poly(lactide) blends). Furthermore,
the 3D model obtained is used to evaluate their mechanical
properties by means of finite element modeling, lFEM. The
geometric parameters are correlated with the mechanical
results which, at the same time, are compared with experimental stress–strain measurements.

EXPERIMENTAL
Preparation of the Scaffolds
Constructs
With
Spherical
Pores. Caprolactone
2-(methacryloyloxy)ethyl ester (CLMA) (Aldrich) and
2-hydroxyethyl acrylate (HEA) (Sigma-Aldrich, Madrid,
Spain 96% pure) were employed without further purification. Benzoin (Aldrich, 98% pure) and ethylene glycol
dimethacrylate (EGDMA) (Aldrich, 99% pure) were used
as initiator and cross-linking agent, respectively. Acetone
(Scharlau, Barcelona, Spain 99% pure) and ethanol
(Aldrich, 99.5% pure) were used as solvents.
A detailed procedure regarding obtaining this particular
pore architecture is explained elsewhere.35 Poly(methyl
methacrylate) (PMMA) microspheres of known size (90 6
10 lm, Colacryl Durham, UK dp 300) were used as porogen introducing them between two plates (of a self-built
device) whose distance can be controlled by adjusting the
step of a coupled screw and heated at 1808C for 30 min to
obtain the first template. This template shows the highest
porosity attainable (that will yield the lowest porosity of
the scaffold) with classical compaction values of 60–65%
for random monosized spherical particles. To obtain scaffolds with controlled porosity, the thickness of the obtained
disk was first measured; then, the disk was replaced in the
mold and compressed at 1808C for half an hour. The
degree of compression was quantified by measuring the
thickness loss. A series of templates with varying degrees
of compression were prepared. After cooling the template
at room temperature, a monomer solution (in different
weight proportions of both components 100/0, 70/30, 50/
50, 30/70 CLMA/HEA) was introduced in the empty space
between the PMMA spheres. The polymerization was carried out up to limiting conversion under a UV radiation
source at room temperature. After polymerization took
place, the PMMA matrix was removed by soxhlet extraction with acetone (Scharlau, synthesis grade) for 48 h. At
this stage, the PMMA porogen template is completely
removed. The porous sample is kept 24 h more in a soxhlet
with ethanol to extract low-molecular weight substances.
Samples were dried in vacuum until the weight was constant (differences below 1%) before characterization.
Constructs With a Cylindrical Orthogonal Pore
Mesh. Ethyl acrylate (EA, Aldrich, 99% pure) was also

used without further purification. EGDMA (1 wt %) and
AIBN (0.1 wt %) were used as cross-linker agent and therJournal of Biomedical Materials Research Part B: Applied Biomaterials
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mal initiator, respectively. The monomeric solution polymerized undergoing bulk free radical polymerization when
the temperature was raised up to 708C for 24 h.
A detailed procedure regarding obtaining this particular
pore architecture is explained elsewhere.36 Briefly, a fixed
number of polyamide 6.6 sheets of commercial textile fabrics (SAATI S.A., Barcelona, Spain) were used to build
well-ordered structures to serve as porogenic templates.
The nominal thread diameter of the employed fabrics was
150 lm.
The fabrics underwent a two-step process, which
included compression and sintering of 25 stacked sheets.
First, a simultaneous heating and compression stage was
applied during 15 min in a hydraulic plate press. The temperature was kept constant during the compression step and
258C below the onset of the melting point (Tonset) of polyamide 6 (Tonset 5 2458C measured by differential scanning
calorimetry in a heating scan to 108C/min). Afterwards, a
sintering process was carried out in an oven at a well-controlled temperature slightly higher than Tonset for 45 min,
keeping a low-compression stress while sintering.
The filling of the available spaces within the templates
was carried out by immersion of the produced templates
into the monomeric solution. After polymerization, a material was formed in which the polyamide template was embedded inside. The polyamide 6 template was then
dissolved by immersion at room temperature in nitric acid
(Aldrich, 60% extra pure) for 4 days with several changes
of the acid. After removing the template, the resulting porous materials were rinsed in boiling ethanol to remove any
remaining chemicals. Finally, the scaffolds were dried in
vacuo at 708C to constant weight.
Constructs Based on Salt Particles. A 30/70 (wt %)
blend of starch and poly(L-lactic acid) was also analyzed.
Scaffolds were prepared by compression molding of the
polymeric material compounded with salt particles, followed by salt leaching; porosity and pore size were controlled by changing the content of salt particle and particle
size, respectively. The selected NaCl particle sizes were
isolated by hand-sieved with stacked stainless steel sieves.
The compression-molded discs of around 5 mm thickness
and 80 mm diameter were prepared on a steel mold using a
Moore hydraulic press (UK). The molded discs were sliced
to 5 3 5 3 5 mm3 cuboids and put into water. The
leaching was performed in beakers filled with deionized
water at 378C. The water was replaced in every 4 h until
all the elimination of the salt.

Characterization of the Scaffolds

The volume fraction of pores in the scaffold, porosity, was
determined gravimetrically by swelling the sample in water
using a vacuum accessory. The porosity P is defined as
follows:
Journal of Biomedical Materials Research Part B: Applied Biomaterials

P¼

Vpore
;
Vpore þ Vpolymer

ð1Þ

where Vpore is the part of the volume occupied by pores
and Vpolymer is the volume occupied by the polymer. Let
d
msw
s be the mass of the scaffold swollen in water and ms
the mass of the dry scaffold. Water sorbed in the scaffold
is distributed between two phases as follows: water in
pores and water sorbed in the polymer that forms the scaffold. Assuming that the equilibrium water content measured
on dry basis (mass of water absorbed in equilibrium divided by the mass of dry polymer), w*, of the material that
constitutes the scaffold is the same as that of the bulk material of the same composition, the mass of water located
is as follows:
in pores mpores
w
d

mpores
¼ msw
w
s  ms  mw ;

ð2Þ

where mw is the mass of water absorbed in the polymer
that forms the scaffold, that is,
mw ¼ mds  w

ð3Þ

taking into account the density of water qw, the amount of
water located in pores gives their volume,
Vpore ¼

d

msw
s  ms ðw þ 1Þ
:
qw

ð4Þ

The mass of water absorbed in equilibrium by the bulk
polymer divided by the mass of the dry polymer, w* was
obtained from Ref. 35.
On the other hand, the volume of the scaffold occupied
by the polymer can be obtained by measuring the density
of the corresponding bulk material qb.
Vpolymer ¼

mds
:
qb

ð5Þ

qb was determined by weighing each one of the samples
both in air and immersed in n-octane at 258C. A Mettler
Toledo (Barcelona, Spain) AE240 balance (sensitivity 0.01
mg) with density accessory Mettler Toledo ME3360 was
employed. Porosity measurements were done at least in
three different samples of each one of the compositions;
porosity values were reproducible up to 3% and are shown
in Table I.
Compression stress–strain measurements were performed
on a Microtest machine (Madrid, Spain) with load cell of
15N at room temperature at a rate of 0.06 mm/s. Specimens
for this test were cylinders, with a diameter of 10 mm
and 3 mm height. The guidelines in the ASTM D1621-00,
standard Test Method for Compressive Properties of Rigid
Cellular Solids were followed. The test was carried out
until complete collapse of the microstructure. The experimental compressive modulus of the scaffold was not easy
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TABLE I. Glass Transition Temperature (Tg, Onset) and Porosity for the Different Samples

Sample
CLMA
CLMA70
CLMA50
CLMA30
D150

Tg (8C)

Porosity (Experiment)

Porosity (lCT)

Eb (MPa)

E (MPa)

SCR

TEI

210
28
26
1
215

0.77
0.76
0.69
0.67
0.55

0.817
0.798
0.728
0.727
0.513

1
0.8
0.7
0.5
1

0.0380
0.0360
0.010
0.008
0.260

11.600
5.594
5.987
3.333
3.575

0.570
0.742
0.823
1.415
1.468

Results from experimental measurements and analysis of the lCT images are included. The two subsequent columns on the right show the experimental bulk modulus of
the material (Eb), which constitutes the scaffold and the experimental modulus of the scaffold (E). Finally, after applying the topological analysis, values grading the erosion of
the scaffolds are given (SCR and TEI).

to measure since the surface of the sample is not perfectly
flat and the complete contact between the plate of the compression machine and the specimen lead to underestimate
the initial range of strains (0–0.1). Thus, the compressive
modulus was determined from the initial linear slope of the
curve after full contact between plate and specimen was
ensured.
Scanning electron microscopy (SEM) was performed in
a JEOL JSM 5410 (Tokyo, Japan) in secondary mode.
Transverse and longitudinal slices of the dry samples were
sputtered coated with gold before observation at an accelerating voltage of 15 kV.
Microcomputed Tomography

The pore architecture of the scaffolds was also examined
by microcomputational tomography, l-CT, using a SkyScan1072 system (Kontich, Belgium). The specimens were
mounted on a rotary stage and scanned under a 40 kV
source for a complete rotation of 3608, to obtain a set of
2D slices.
Scaffold Characterization Using Image Analysis

All image processing was carried out using MATLAB
R2007a (The Mathworks, Natick, MA). The lCT images
were processed as a series of 150–160 slices of 1024 3
1024 pixels with a spatial resolution of 7.13 lm.
Before performing a structural and mechanical analysis
to the lCT images, a preprocessing consisting of segmentation and binarization steps was performed to reduce computational burden.
Segmentation. A squared ROI of 400 3 400 pixels was
selected in each slice by an automated algorithm to process
a representative sample of the scaffold. Resultant grayscale
images were stored in a 3D matrix representing a 3D
reconstruction of the specified volume of interest (VOI) of
the scaffold, considering isotropic voxels.
Binarization. Images were converted to its binarized
version to discriminate structure voxels from empty voxels.

The optimum threshold value applied during binarization
was calculated for each slice using Otsu’s method.37 Binarized images were stored in a 3D binary matrix compounding a logical representation of the VOI.
Morphological Study. The morphological parameters

calculated were as follows: Structure Thickness (St.Th),
Pore size (St.Sp), Structure Index (St.I), Porosity (P), and
Structure Volume (SV). These parameters will be defined
below, as well as the way they were computed. Different
measurements and algorithms were applied to the 3D binary reconstruction to perform the full analysis.
Porosity and Structure Volume. Porosity (P) was easily
calculated by dividing the number of nonzero elements of
the 3D reconstruction by the global number of elements of
the VOI. This parameter is commonly expressed as a percentage. Partial volume voxels are not considered due to
the high relationship between mean designed pore sizes
(90 lm) and the used spatial resolution (7 lm). This
parameter can be also expressed by its complementary, the
structure volume (SV).
Structure Thickness. Measurement of St.Th was carried
out in each plane of the 3D reconstruction. The developed
algorithm used a 2D distance transform applied to each
slice, where the skeleton or center line of the structure rods
was calculated by a 2D skeletonization algorithm. Rod contours were also obtained by a 2D contour detection algorithm. Then, distance transform application to this last
contour image provided the minimum distances of each
pixel to a contour.38 Results of distance transform application were then multiplied by the skeletonized slice. Therefore, the minimum distances of the skeleton pixels to the
contour were obtained. This minimum distance corresponded to the half of the local rod thickness. Finally, a
mean rod thickness was calculated for the whole scaffold
by averaging with all the slices.
Structure Separation. Measurement of structure separation or mean pore size is assessed by a 3D algorithm. The
method consisted of a structural voxel by voxel inspection.
That is, in a given voxel corresponding to a pore (black
Journal of Biomedical Materials Research Part B: Applied Biomaterials
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voxel), number of contiguous voxels on X direction are
firstly counted, then the same is done for Y, and finally for
Z. Then, if we average the contiguous voxels in the three
directions, we obtain the mean local pore size. Repeating
this process for all pore voxels, mean pore size can be calculated and also pore size distributions were obtained
(Figure 2). These histograms can be gracefully used to
assess the effectiveness of the scaffold manufacture
process.

Structure Index. St.I was quantified by the struts’ St.Th
and SV. This parameter provides a relationship between
SV and the mean structure thickness. It is calculated by the
following:

St:I ¼

SV
St:Th

ð6Þ

Fractal Analysis. The degree of complexity or disorder
of the spongy microarchitecture can be studied using fractal
techniques. Our Fractal analysis was based on the calculation of Fractal dimension parameter (D) of each image.39 It
was done by applying a box-counting algorithm that consisted of superposing a grid of a square edge k on the
image and counting the squares containing boundaries (N);
this process was repeated with other values of square edge.
Different values of the fraction ln(N)/ln(k) were obtained
determining a straight line which slope m is related to Fractal dimension D ¼ m.
The value of 2D Fractal Dimension in spongy microarchitectures is closely related to structural properties like
porosity and connectivity,37 showing that this parameter
can be used to evaluate and characterize porous structures
like polymer scaffolds or trabecular bone.
Topological Study. Structural degree of erosion can be
quantified by a topological characterization of the voxels in
the structure. Therefore, structure voxels must be classified
depending on its relative position to develop a topological
study. All voxels of the 3D reconstruction were ordered
into different classes based on the combination of 2D basic
elements (curves and surfaces). Before the classification
method was performed, a 3D skeletonization algorithm was
applied to obtain a shape reconstruction of the original
structure.40
Classification was developed as in Refs. 41 and 42,
defining nine types of voxels (Surface interior, S; Surface–
surface junction, SS; Surface-Edge, SE; Surface-Curve
junction, SC; interior Curve, C; Curve-Curve junction, CC;
Curve-Edge, CE; Profile, P; and Isolated, I).
Once all topological information was discriminated (all
voxels topologically classified), topological parameters
SCR (surface-to-curve ratio) and TEI (total erosion index)
were obtained by7,8 the following:
Journal of Biomedical Materials Research Part B: Applied Biomaterials

S þ SE þ SS
C þ CC þ CE þ P=2

ð7Þ

C þ CC þ CE þ SE þ P
S þ SS

ð8Þ

SCR ¼
TEI ¼

As it can be inferred in, Ref. 7 SCR represents the ratio
between densities of all voxel types related to surfaces and
voxel types belonging to curves. In the same way, TEI represents the quotient of dividing all those voxel densities
regarding curves (eroded elements) by surface voxel densities.

Finite Element Modeling

Compression stress–strain test was numerically simulated
to compare the mechanical properties of the specimen in
the initial linear range with those obtained from experimental measurements. Bulk material properties employed in the
FE model were experimentally measured by us by stress–
strain compression tests at room temperature (Table I).
Finite element analysis was developed with Ansys Package v10.0 (Ansys, Southpointe, PA), using isotropic hexahedron elements (brick elements) with quadratic
interpolation functions.
Finite element modeling (FEM) was performed on scaffold meshed samples of 1.5 mm 3 1.5 mm 3 1 mm
approximately. Finite Element models of the corresponding
scaffolds have a mean number of 2,186,272 nodes and
1,275,169 elements and were built in MATLAB by direct
conversion from voxels from the 3D reconstruction (image
data) to brick elements (structural data) using a fast mesher
algorithm developed by us. Material properties, node coordinates, and element connectivity were assembled in a
ASCII file to be imported directly to Ansys. After the
model was imported, constraints were defined to carry out
a uniaxial compression test. Null displacement was
imposed on nodes from one side of the sample, whereas a
negative displacement was specified on nodes from the opposite side to simulate compression. Displacement was set
to 10% of the edge length. Once the solution was calculated, reactions on nodes (Fn) from the fixed side were
processed to obtain an apparent elastic modulus of the
specimen by the following:
E¼

1 X
Fn
eA n

ð9Þ

As can be observed in Ref. 9, homogenization approximation was supposed in the fraction of the total sum value
of the nodal reactions of the fixed size by the area (A) of
the corresponding side.43 Last quotient was then divided by
the global deformation of the sample (e) and finally an
apparent Young’s module was obtained for the whole
structure.
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Figure 1. SEM micrographs (a, c) and reconstruction from image analysis (b, d) of the different
structures: interconnected spherical pores (a, b) and mesh of orthogonal channels (c, d).

RESULTS
Figure 1 shows the SEM micrographs of the investigated
scaffolds and the corresponding 3D reconstruction after the
image analysis from the lCT sections. Figure 1(a) shows
the 3D spherical interconnected porous network. The porosity of the scaffold might be changed, for a fixed pore size
according to the diameter of the porogen sphere employed
(90 lm), by changing the pressure conditions of the sintered template. The scaffolds employed in this work were
fabricated by keeping approximately the same porosity
(80%) but changing the hydrophilicity of the system so that
qualitatively different mechanical (and physico-chemical
properties) properties could be obtained. Figure 1(c) shows
the scaffolds with a well-ordered mesh of cylindrical pores.
The front view showing the interconnections can be
observed.
The corresponding 3D reconstructions of micro-CT data
are shown in Figure 1(b,d). Some similarities can be
observed between the SEM images and the reconstructed
ones after direct observation. The average porosity as
obtained from the image analysis and the experimental one
are shown in Table I. There is good agreement between the
calculated and experimental porosities being the maximum
difference below 0.05. Furthermore, the image analysis of
the lCT sections allows one to calculate a set of topological parameters which cannot be obtained by other techni-

ques. Figure 2 shows the pore size distributions for the
different scaffolds. Pore sizes between 40 and 200 lm are
obtained for the interconnected spherical pores [Figure 2(a–
c)].The average pore size is around 90–100 lm independent of the chemical composition of the scaffold. Pore size
ranges between 40 and 250 lm for the scaffold with a
mesh of orthogonal channels. Its distribution is not symmetric with maximum around 100 lm and means around
150 lm [Figure 2(d)].
Figure 3 shows typical experimental compressive stress–
strain curve for one of our scaffolds. The curve consists of
four phenomenological different zones. At very low strains
(lower than 0.03, zone (a)), there is a curved part due to
the process of adaptation between the sample, which is not
perfectly flat, and the compression plates. Afterwards, the
stress–strain relationship is linear up to a strain equal to 0.1
(zone (b)). The experimental moduli of the porous structures were calculated from the slope of initial linear part of
the curve, as indicated by the straight dotted line in the
graph, zone (b). Subsequently, there is a broad range of
strains (approximately between 0.1 and 0.4) that the stress
does hardly change from 1 to 2 MPa (zone (c)). Finally,
the stress varies quickly on the strain again (it changes
from 3 to 5 MPa as strain increases from 0.4 to 0.6).
The elastic modulus depends on the composition of the
system for the structures that consists of interconnected
spherical pores: as the HEA amount in the system
Journal of Biomedical Materials Research Part B: Applied Biomaterials
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Figure 2. Pore size distributions for the investigated structures. (a–c) Interconnected spherical
pores of different compositions (CLMA sample (a), CLMA 50 (b), CLMA30 (c). (d) Mesh of orthogonal
channels.

increases, the modulus does. The normalized (relative to
the bulk) experimental moduli for the materials are
depicted in Figure 4. Table I includes the experimentally
measured modulus for scaffolds (E) and bulk materials
(Eb), whose ratio gives rise to the normalized moduli. The
elastic modulus decreases as porosity increases.
Figure 4 shows the results from the FEM simulations
for the different scaffolds. The normalized modulus (relative to the bulk) as a function of the square of porosity follows a straight line (Figure 4). The dependence of the
normalized modulus versus Structure Thickness (St.Th),
Structure Index (St.I), and Fractal Dimension (D) obtained
from the lCT image analysis have been plotted in Figure
5(a–c). After applying the topological analysis, values grading the erosion of the scaffolds were obtained (Table I).
These parameters (SCR and TEI) allow one to quantify the
topology of the scaffolds, which describe how the scaffold
is assembled in terms of connectivity and orientation of the
3D architecture. Table I shows these parameters to be independent of the mechanical properties.
Figure 6 shows the distribution of maximum difference
between principal stresses at each element for the different
architectures investigated in this work: interconnected
spherical pores and orthogonal channels.
Journal of Biomedical Materials Research Part B: Applied Biomaterials

Figure 3. Experimental stress–strain curve of a scaffold with interconnected spherical pores. The letters on the curve are related to
different mechanical features as explained in the text. Briefly: (a)
contact region between the sample and the device; (b) the linear
elastic region (the elastic modulus was calculated from the slope of
the dotted line); (c) buckling phenomenon leading to the so-called
plateau; and (d) final collapse of the structure increasing the compressive modulus.
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is mainly determined during the sinterization process of the
PMMA template and it does not change due to the polymerization of different chemical components. This could
happen since the PMMA porogen is better swollen by the
monomer solution richer in CLMA leading to pore collapse
after the fabrication process.45 However, the results of the
image analysis [Figure 2(a–d)] disregards this possibility.

Figure 4. lFEM calculated (l) and experimentally measured normalized (to the bulk Eb) moduli for the different structures: (h) constructs with spherical pores, (^) construct with orthogonal
cylindrical pores, (D) construct based on salt particles. Additional
points (O) from Ref. 44 have been included so as to reinforce the
universality of the relationship between the (reduced) elastic modulus and porosity. The dashed line corresponds to the linear fit with
slope C 5 1.28 [Eq. (10)].

DISCUSSION
The relationship between the architecture of three different
polymer scaffolds and their mechanical properties are
shown in this work. On the one hand, the network of interconnected spherical pores [Figure 1(a)], the structure based
on interconnected pores obtained from salt particles (not
shown), and the one which consists of interconnected longitudinal channels along three orthogonal axes [Figure
1(b)].36 Besides, the materials chemistry and hydrophilicity
of the material forming the first structure has been modified
in a broad range. In all cases, lCT acquisition achieves a
very high-spatial resolution (considering the designed pore
sizes) capable of minimizing partial volume effects and
ease the process of binarization.31,32
Image processing techniques represent a powerful tool
to develop a structural and mechanical characterization of
the scaffolds and check the achievement of the desired
properties at the manufacture stage.25,28 According to synthesis specifications, pore size and porosity were successfully calculated using 3D techniques, whereas published
studies are mainly focused on 2D methods.34 The total porosity calculated from image analysis is similar to that calculate experimentally (difference lower than 0.05 in any
case, Table I). Furthermore, image analysis allows one to
calculate, in a nondestructive manner, the pore size distribution [Figure 2(a–d)]. Symmetric pore distributions are
obtained for the scaffolds which consist of spherical pores.
The maximum is approximately located at 90 lm, which
agrees with the nominal diameter of the PMMA porogen
employed during the fabrication process. The shape of the
distribution is mostly unaffected by the chemical composition of the scaffold, that is, the architecture of the scaffold

Figure 5. Normalized elastic modulus versus structure thickness (a),
fractal dimension (b), and structure index (c) for the different structures. Inset in Figure 5(a) magnifies data around 15 lm.
Journal of Biomedical Materials Research Part B: Applied Biomaterials
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Figure 6. Maximum difference between principal stresses at each element. (a) Scaffold with interconnected spherical pores. (b) Scaffold with orthogonal channels. Color scale goes from 5 kPa
(dark blue) to 600 kPa (red). [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

The pore size distribution of the second structure [interconnected channels, Figure 2(d)] is less symmetric (with a
long tail toward the high pore sizes), with maximum
around 100 lm and mean around 150 lm, in excellent
agreement with the nominal tread diameter of the commercial textile fabric employed as a porogen.36
Comparing topology results for the different architectures, the scaffold based on cross-linked channels presents a
higher number of structure surfaces (lower erosion) than the
CLMA sample, which has large pore sizes whose structure
topology is mainly based on beams or rods. However, as the
pore size diminishes, erosion index tends to be similar for
both architectures due to the increment of surface topology.
The material which constitutes the scaffolds walls is a
rubber at room temperature in any case (the glass transition
temperatures have been included in Table I). Figure 3
shows a characteristic stress–strain curve for one of the
scaffolds which constitute open-cell foams. After an initial
region of contact between sample and compression plates
(a), a linear elastic zone appears where the compressive
modulus was calculated (b). The linear elastic region is
controlled by cell wall bending of the scaffold walls. Afterwards, a loss of linearity is observed, the so-called plateau
(c), due to the buckling phenomenon (this region is difficult
to distinguish for low stiffness specimens). Buckling is
characteristic of elastomeric foams (this is our case, see the
glass transition temperature in Table I) and differs from the
formation of plastic hinges in metals and brittle crushing in
ceramics. Finally, the densification of the material occurs
when pores become together and collapse the structure,
increasing the compressive modulus as a result of the final
region of increasing stress (d). The mechanism associated
to each region of the curve has been described for other
cellular solids of similar structures.2,44,46 The reduced modulus (relative to the bulk) has been included in Figure 4.
Journal of Biomedical Materials Research Part B: Applied Biomaterials

lFEM was performed on the different structures so as to
get a better understanding of the mechanical properties on
the topological characteristics of the scaffold. The identification of one node to each voxel gives rise to high-computational requirements, especially when the number of nodes
tends to be greater than 106 due to the large stiffness matrix to be assembled. The elastic modulus of the porous
structure (E) was efficiently estimated by the homogenization theory approximation, based on linear elastic behavior
and small deformations theory.47 Figure 4 shows the dependence of the reduced modulus (to the bulk) as a function of the square of porosity. Both experimental and
lFEM simulations from a different family of scaffolds
(those based on salt particles) as well as experimental
points from Ref. 44 have been added so as to strength
the discussion. Both the experimental measurements and
the lFEM results are well correlated with the proposed
parabolic dependence for the compressive modulus on
porosity46
 2
E
q
¼C
Eb
qb

ð10Þ

where q and qb are the apparent density of the scaffold and
bulk density of the constituting material, respectively. The
relative density is related to porosity P,
q
¼1P
qb

ð11Þ

The prediction of Eq. (10) (Figure 4, dotted line), with
C 5 1.28 (R2 5 0.99), accounts for the experimental and
the predicted FEM model moduli with several porosities,
different chemical composition, and, more importantly,
with very different architecture (interconnected spheres and
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ordered cylindrical orthogonal pores). This result suggests
the existence of a universal relationship (in the elastic regime) between the modulus and porosity. This was already
suggested by us in a previous work in which interconnected
spherical pores of different sizes and interconnected throats
were investigated.44 It is convenient to note that linear dependence of the reduced modulus on porosity (Figure 4)
does not extrapolate to zero when porosity tends to one.
This suggests the existence of a minimum amount of material to get the adequate connection so that the dimensional
stability is enough to measure the modulus. The relationship shown in Eq. (10) is well-known for open cellular solids. Gibson and Ashby’s book46 shows experimental results
for some 20 different studies and the data correlate with
the analytical solution with C 5 1. The equation is
deduced in the book following dimensional arguments
based on simple expressions from strength of materials.
Our results support this expression in two ways as follows:
(i) by comparing it with mechanical measurements performed on synthetic scaffolds and finite element method
(i.e., linear elasticity) and (ii) by showing, with very different architectures, that total porosity is the only one parameter which influences the elastic properties of the scaffold.
Moreover, even if Eq. (10) can be considered to be completely general in the elastic regime, valid for any kind of
material, there is still the constant C that is said to depend
(see Gibson and Ashby’s book, Ref. 46) on the pore
‘‘shape.’’ We show that it is not the case.
The normal stress distribution is somehow different for
the different architectures. Figure 6(a) shows that the interconnected spherical pores results in a homogeneous stress
distribution and pores do not act as stress concentrators as
it would happen if only one of spherical pore were surrounded by the scaffolding material. On the other hand, the
structure which consists of orthogonal channels shows
some stress concentration nearby the channels [Figure
6(b)], which can be accounted for the anisotropy of the
spatial architecture as well as the lower porosity compared
with that of spherical pores.35
The combined use of image analysis (from lCT) and
lFEM allows one to investigate the correlation of the elastic modulus on other topological parameters. The elastic
modulus is not well correlated with the structure thickness
in a universal way [Figure 5(a)], not even if only the scaffolds based on the spherical pores are considered [see the
inset in Figure 5(a)]. The absence of correlation between
the compressive modulus and structure thickness was also
found in oriented scaffolds.22 However, structure thickness
range in Figure 5(a) is not well-distributed (values ranging
between 15 and 20 lm correspond to the spherical pores
and the value of 70 lm is related to the structure with
interconnected channels) and more data are needed to confirm this lack of correlation. On the other hand, the modulus seems to increase as the fractal dimension of the
structure does, as long as the same 3D architecture is considered [Figure 5(b)]. However, when qualitatively different

structures are considered, the correlation vanishes (Figure
5). Something similar happens in the modulus dependence
on the structure index [Figure 5(c)]. It is noteworthy that
even if the architecture of the two porous structures are
very different (as it is reflected from the values of the topological parameters in Figure 5) they fall on the same line
of modulus versus (1 2 P)2. This result suggests the lack
of influence of scaffold architecture in open foam cells and
remarks the validity of total porosity, through Eq. (10), as
the unique universal relation in the elastic linear regime.
The good correlation between the lFEM simulations
and the experimental results shows the viability of the technique as a feasible tool for scaffold design and advance
analysis before physical experiments are performed on realfabricated scaffolds.
CONCLUSIONS
We have made use of lCT to obtained detailed information
of the porous architecture of qualitatively different porous
scaffolds for tissue engineering applications. The total porosity, as calculated from the image analysis, is in good
agreement with the experimental one. Besides image analysis allows one to calculate the pore size distribution that
is, in any case, well-correlated with the dimensions of
the porogens employed during the preparations of the
scaffolds.
The algorithm employed for the image analysis process
allows one to perform detailed numerical simulations of the
mechanical properties in the micro scales, so-called lFEM.
Our results confirm the hypothesis that the (elastic) mechanical modulus of porous scaffolds depends on the total
porosity of the system and not on either the pore shape, or
any other topological parameter calculated on the 3D structure (structure thickness, fractal dimension, structure index).
Overall, after analyzing three qualitatively different scaffolds architectures prepared with very different techniques,
based on different materials chemistry our results support
the existence of a universal relationship between total porosity and elastic modulus.
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45. Brı́gido Diego R, Gómez Ribelles JL, Salmerón Sánchez M.
Pore collapse during the fabrication process of rubber-like
polymer scaffolds. J Appl Polym Sci 2007;104:1475–1481.
46. Gibson LJ, Ashby M. The mechanics of foam: Basic results.
In: Clarke DR, Suresh S, Ward IM, editors. Cellular Solids:
Structure and Properties. Cambridge: Cambridge University
Press; 2001. pp 175–234.
47. Kouznetsova VG. Computational homogenization for the multiscale analysis of multi-phase materials, PhD thesis. The
Netherlands: Technical University of Eindhoven; 2002.

Journal of Biomedical Materials Research Part B: Applied Biomaterials

