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Abstract The fabrication of porous scaffolds with complex
architectures represents a challenge in tissue engineering.
Recent studies have shown that it is possible to construct
tissue-engineered bone repair scaffolds with tight pore size
distributions and controlled geometries using 3D printing
techniques. In this context, this work aims to evaluate the
3D printing process in order to study its potential for
scaffold fabrication. Despite the wide use of porous
scaffolds, its design, geometry optimization and mechanical
assessment, for successful integration in tissue engineering,
require further developments and studies to help in its
optimal design. In the present work, cubical scaffolds
prototypes with different architectures were produced by
3D printing technology. Scaffolds dimensional accuracy,
porosity and mechanical stiffness were comprehensive
analysed by means of an experimental investigation. The
microporosity, inherent to the fabrication process, and the
mechanical characterization of the bulk material were also
considered. This paper addresses methodologies to over-
come some limitations of 3D printing technique to produce
scaffolds for tissue engineering and proposes procedures for
their suitable mechanical characterization. Results of this
work indicate that 3D printing process has great potential
for scaffold fabrication.
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1 Introduction

Tissue engineering is an emerging field, which aims to
repair or replace tissues and organs. In tissue engineering,
different biodegradable materials that induce growth and/or
regeneration of specific tissues are used for scaffold
fabrication. Bone and cartilage regeneration by autogenously
cell/tissue transplantation is one of the most promising
techniques in orthopaedic surgery and biomedical engineer-
ing. Treatments based on these techniques can eliminate
problems of donor site scarcity, immune rejection and
pathogen transference. In this type of transplant, cells are
obtained from the patient’s tissues and can be expanded in
culture and seeded onto a scaffold that will slowly degrade
and be reabsorbed as the tissue structure grows in vitro and/or
in vivo [1, 2].

Scaffolds or extracellular matrixes provide the necessary
support for cell adhesion, proliferation, differentiation and
its architecture defines the ultimate shape of the new bone
and cartilage [3].

A successful scaffold for in vivo application should meet
several mechanical and biological requirements: (1) it
should have interconnecting pores that enable supply of
nutrients and metabolites that allow cell growth; (2) the
pore size should be in the range of 5–10 times of the cell
diameter, e.g. 100–500 μm; (3) the surface chemistry of the
scaffold should favour cellular attachment, differentiation
and proliferation; (4) the scaffold should be manufactured
with a biodegradable material with appropriate degradation
rate, in order to allow the progressive scaffold replacement
by host tissue; (5) the scaffold should be easily manufac-
tured into various shapes and sizes and (6) the scaffold
should have structural compatibility which corresponds to
an optimal adaptation to the mechanical behaviour of the
host tissue [4–6]. Even though these requirements are well
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known in the scientific community, their integration in
scaffolds production is not easy to achieve, either by using
conventional fabrication techniques or by more advanced
methods [5].

Traditional methodologies of scaffold fabrication include
fibre bonding, solvent casting and particulate leaching,
membrane lamination, melt moulding and gas foaming.
However, the drawbacks of these techniques include the
extensive use of highly toxic organic solvents, long
fabrication periods, labour-intensive processes, incomplete
removal of residual particulates in the polymer matrix, poor
repeatability, irregularly shaped pores, insufficient inter-
connectivity of pores and thin structures. In addition, most
of these methods bear restrictions on shape control [7, 8].

As an alternative to conventional scaffold fabrication
methods, a group of techniques called rapid prototyping
(RP) has recently been introduced within the tissue
engineering field [9–16]. RP technologies is a common
name for a number of advanced manufacturing techniques
that are based on an additive process in which complex
structures are constructed layer-by-layer according to a
computer programme [9]. Presently, there are numerous RP
technologies available including stereolithography [11],
selective laser sintering [11], laminated object manufactur-
ing [11], fused deposition modelling [7, 10, 11] and three-
dimensional printing (3DP) [12–16]. As the scaffold design
is based on a computer software model, the desired 3D
interconnectivity and structure can be accurately controlled
by this highly repeatable computer-controlled fabrication
process.

3DP has demonstrated the capability of fabricating parts
of a variety of materials, including ceramics, metals and
polymers with an array of unique geometries. However,
substantial work is still needed to explore the minimum
feature sizes that can be printed and the ability of forming
intricate structures [16].

The 3DP technology was developed at the Massachusetts
Institute of Technology [17]. Basically, the 3DP is a layered
fabrication process, in which the sliced 2D profile of a
computer model is printed on a fresh layer of powder via
deposition of a suitable binder. Successive 2D profiles are
then printed on a freshly laid layer of powder until the whole
model is completed. The printed binder would join the
respective profiles of each layer together. The part is
completed upon removal of the unbound powder and
suitable post-processing (infiltration and cure) [15].

Although several works have been conducted using 3DP
technology to produce scaffolds [13–19], there is still the
need for further developments and studies in order to
achieve scaffolds with mechanical and biological properties
that are optimal for bone regeneration and cartilage tissues.
In addition, the limitations and difficulties described in the
literature led to seek for improved fabrication methods that

can provide the user some control over the formation of the
scaffold internal structure. Accordingly, this work aims to
study the potential of 3DP technology to fabricate scaffolds
prototypes for tissue engineering, in terms of geometry.

Another important concern during this work was the
establishment of appropriate procedures for the character-
ization of the mechanical uniaxial compression behaviour
of scaffolds for tissue engineering.

2 Materials and methods

2.1 Materials

In the present work, the 3D-printing machine Spectrum
Z™510, from Z Corporation, was used to produce cubical
scaffolds prototypes with different geometries. All the
materials used for scaffold fabrication were also supplied
by Z Corporation: a high performance composite material
(Zp130), a water-based binder (Zb58) and, as infiltrant, an
ultra low viscosity cyanoacrylate (Z-Bond 101).

2.2 Design and fabrication

In this study, a scaffold is considered a structure formed by
an association of small cubical elements or units.

Scaffolds prototypes with 10 mm length and different
architectures and solid cylinders specimens with a diameter
and length of 10 mm were designed using the 3D Design
Software, Solidworks®.

Three different classes of porous scaffolds prototypes
were design and constructed, as illustrated in Figs. 1, 2, and
3. In the first class, denominated as pore geometry (Fig. 1),
the pore geometry was varied: square, octagonal, dodeca-
gonal and circular shapes were considered, corresponding
to an increase of the number of faces per pore. For each one
of these pore geometries, scaffolds with a pore size of 1, 2
and 3 mm were produced (in the present work, the pore size
is assumed as the diameter that circumscribes the pore
geometry).

In the second class, entitle by distribution, the number of
pores per face was varied from 1 to 25, both in scaffolds
having circular and square shape pores (Fig. 2).

Fig. 1 Examples of scaffold of the class pore geometry (classified
according to the number of faces per pore and pore size (millimeters)).
a 4f-2 unit, b 8f-2 unit, c 12f-2 unit and d circ-2unit
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The third category, named association, results from the
combination of scaffolds with circular and with square
shape pores. In Fig. 3, it can be seen examples of scaffolds
of this class.

Solid cylinders specimens, without macropores, were
also produced in order to evaluate the mechanical proper-
ties of the bulk material, and to help the analysis of the 3D
printing process itself.

The fabrication powder average thickness for 3D
printing was set to 0.1 mm. After being printed, all models
were subject to post-processing operations in order to
enhance their mechanical properties: firstly, the unbounded
powders particles of the prototypes were removed by
compressed air, after which the models were infiltrated in
a cyanoacrylate bath and dried in an oven at 60°C for
25 min.

2.3 Analysis and testing

The analysis of the models produced was made in terms of
dimensional accuracy, porosity and uniaxial compression
behaviour.

2.3.1 Dimensional accuracy analysis

In order to analyse the applicability of the 3D printing
process for scaffold fabrication, dimensional accuracy and
geometrical control errors were analysed.

To evaluate the dimensional accuracy of the process, the
scaffolds prototypes, described previously, were initially
made with a side length of 5 mm and macropores sizes of
0.5 to 1.5 mm. The scaffold’s side length and macropores’

sizes were progressively and proportionally increase until
the required definition was reached. The models were then
subject to visual inspection, using a Mitutoyo TM-111
microscope with a ×30 magnification, and the resultant
geometries were compared to the virtual/theoretical models.

2.3.2 Porosity analysis

A successful scaffold must meet several requirements; among
these is of foremost importance the existence of interconnect-
ing pores to enable the supply of nutrients and metabolites to
allow the cell in growth. In this context, the analysis of the
scaffold porosities is of great relevance [4–6].

The macroporosity is achieved by the macropores
defined in the design. For powdered materials, the

Fig. 3 Examples of scaffold of the association class, with square shape
pores (classified according to the pore geometry and the size of the sides
of the units). a 4f-10/10 unit, b 4f-10/20 unit, c 4-20/20 unit

Fig. 2 Examples of scaffold of the distribution class, with square
pores (i.e., four faces). The scaffolds were classified according to the
number of pores per face and pores geometry. a 1-4f unit, b 9-4f unit,
c 16-4f unit and d 25-4f

Cubical units 
Dimensions 

(mm) 16 square pores per 
face 

25 square pores 
per face 

5x5x5 

10x10x10 

Fig. 4 Comparative study between scaffolds prototypes with different
side lengths and pores sizes, correspondent to the original size (5 × 5 × 5)
and to a scale factor of 2 (10 × 10 × 10)

Fig. 5 Examples of scaffolds of the class pore geometry. a 4f-2 unit,
b 8f-2 unit, c 12f-2unit and d circ-2 unit
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microporosity is created by the space between the individ-
ual particles of powder. Both porosities were considered, in
this study, and were calculated according to Eqs. 1 to 3.

The design macroporosity (i.e. the theoretical macro-
porosity) and the real macroporosity were calculated by
Eqs. 1 and 2, respectively:

ft ¼ 1� V

V »

� �
� 100 ð1Þ

where øt is the theoretical macroporosity, V is the volume of
the models with macropores and V* the respective volume
without macropores.

fr ¼ 1� w

w»

� �
� 100 ð2Þ

where ør is the real macroporosity, w is the weight of the
models with macropores and w* the respective weight
without macropores.

The microporosity, ø, inherent to the fabrication process,
was determined analysing the cylindrical solid specimens

by means of Eq. 3, where ρ is referred to the density of the
cylindrical solids and ρbulk the density of the bulk material.
Two sets of specimens were analysed: uninfiltrated and
infiltrated.

f ¼ 1� r
r

bulk

� �
� 100 ð3Þ

The volume and the density were calculated from CAD
tools and from the model’s dimensions and weights,
respectively.

2.3.3 Mechanical tests

Uniaxial compression tests were conducted using a univer-
sal testing machine, Zwick Z100, with a 1-kN load cell.
Scaffolds were tested in accordance with ASTM Standard
D695-96.

Different sets of specimens were tested: solid cylinder
and scaffolds prototypes of different categories, as de-
scribed previously. In each set, three specimens of each
model were tested.

Compression tests on cylindrical solid probes were
needed in order to fully characterise the bulk material used
for scaffolds prototypes fabrication.

The compressive stiffness of the different models was
evaluated from the nominal stress–strain curve, calculated

Fig. 6 Examples of scaffolds of the distribution class. a 1-4f unit, b 9-4f
unit, c 16-4f unit and d 25-4f unit

Fig. 7 Examples of scaffolds of the association class. a 4f-10/20 unit
and b 4f-20/20 unit

8  

12  

Macropore dimension (mm)Number of 
faces per 

macropore 1 3 

Fig. 8 Examples of the poor geometric control in some macropores

Fig. 9 Illustration of the lack of
parallelism between the faces
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from the load cell and transducer registers obtained during
the compression tests. The cross-sectional area considered
in these calculations was obtained from the CAD geometry
dimensions.

3 Results and discussion

3.1 3D-Printing process characterization

For 3D printing process evaluation, three parameters were
considered and analysed, namely the minimum dimensions
allowable to achieve scaffolds prototypes with acceptable
definition; geometrical control errors associated with the
fabrication process and the differences between the theo-
retical and the real macroporosities of the different scaffolds
prototypes.

3.2 Dimensional accuracy of the 3D printing process

From Fig. 4, which illustrates a comparison between
scaffolds prototypes made in two different scales, it can
be seen that in the scaffolds with lower dimensions the

macropores are not visible, and consequently, they do not
present the required definition. In order to overcome this
limitation, new cubical models were built with higher side
lengths and pores sizes (which correspond to a scale factor
of 1.5 and 2 of the initial model). The results obtained
indicate that the minimum pore size required for an
acceptable definition, for the geometries in study, is
1 mm, which corresponds to the units with a side length
of 10 mm, as illustrated in Fig. 4.

Figures 5, 6 and 7 illustrate some examples of cubical
scaffolds prototypes fabricated with side lengths of 10 mm,
for the different classes under study.

Fig. 10 Comparison between
the theoretical and real macro-
porosity for scaffolds prototypes
of a the distribution class and
b the pore geometry class

Table 1 Mechanical properties of compact (cortical) and spongy
(cancellous) bone [20]

Property Cortical bone Cancellous bone

Compressive strength (MPa) 100–230 2–12

Flexural, tensile strength (MPa) 50–150 10–20

Strain to failure (%) 1–3 5–7

Young’s modulus (GPa) 7–30 0.5–0.05
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After the fabrication of the different models, a study
concerned with the geometric errors associated to the process
was conducted. The visual inspection of the models pointed
out two main drawbacks to the 3D printing process,
designated in the present work by geometric control errors,
related with the poor geometric control of the macropores
with smaller dimensions, as can be seen in Fig. 8, and with the
lack of parallelism between the faces, illustrated in Fig. 9.

These geometrical control errors are associated with the
fabrication procedures of the 3D printing process, namely
the control over the printing head movement, the gran-
ulometry of the powder particles and with the post-
processing procedures, namely the difficulty in removing
the internal unbounded particles of powder from the printed
models and to the difficulty in controlling the infiltration
procedure.

3.3 Porosity analysis

The processing of powder materials gives rise to structures
with an inherent microporosity as result of the voids
between the powder particles. In the present study, as
referred previously, the microporosity analysis was con-

ducted for two sets of specimens with different post-
processing conditions, i.e., uninfiltrated and infiltrated,
and was determined according to Eq. 3.

The average microporosity of the bulk material was 18%
and 12% for the uninfiltrated and infiltrated specimens,
respectively. These results indicate that the microporosity
decreases after infiltration. This expected result is related to
the resin infiltration into the micropores of the cylindrical
solid specimen.

Figure 10 illustrates the results of the comparison
between the theoretical and the real macroporosities for
scaffolds prototypes of the categories distribution and
pore geometry (please refer to Section 2.2), where it can
be seen that in most of the scaffolds produced, both
macroporosities are different. Globally, it can be seen that
the difference between the theoretical and the real macro-
porosity increases with the decrease of the macropore
dimension (what also happens when the number of pores
per face increases). This behaviour should be related to the
fact of the infiltration procedure be more inefficient when
the macropores have lower dimensions, since under these
circumstances, the resin frequently obstruct the macro-
pores entrance and also to the difficulty in removing the

Fig 11 Evolution of stiffness
modulus with nominal axial
strain for the cylindrical
solid specimens

Fig. 12 Evolution of stiffness modulus with nominal axial strain for scaffold prototypes of distribution class with real macroporosity of a 47%
and b 25%
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internal unbounded particles of powder for the lower
macropores.

3.4 Scaffolds mechanical properties

The mechanical properties of the bone depend on the
composition (collagen and hidroxyapatite) and structure
(cortical or cancellous). The mechanical properties of the
two types of bone, which have different structural features,
are listed in Table 1. As referred previously scaffolds for
bone tissue engineering should have structural compatibil-
ity which corresponds to an optimal adaptation to the
mechanical behaviour of the host tissue, for example, for
cancellous bone tissue engineering, scaffold should have
mechanical properties similar to the cancellous bone.

In order to understand the mechanical behaviour of the
scaffolds prototypes with different architectures, it was first
necessary to analyse the mechanical behaviour of the bulk
material, through uniaxial compression tests on cylindrical
solid specimens. The compression tests results indicate that
the relationship between the axial nominal stress and strain,
in the elastic region, is not linear. Under these circum-
stances, the bulk material stiffness was evaluated by a
stiffness modulus, ES determined at each instant from the

slope of the line tangent to the nominal stress–strain curve
at each point, according to Eq. 4.

Es MPað Þ ¼ ds
d"

ð4Þ

where σ and ε are the nominal axial stress and strain,
respectively.

From Fig. 11, which represents the evolution of the
stiffness modulus versus nominal strain, it can be seen that
the cylindrical solid specimens have three different behav-
iours, distinguished in the present paper by regions 1, 2 and 3.

In the first region, the stiffness modulus increases with
strain due to the bulk material densification. In this region,
the geometrical changes are the result of this densification,
with the dimensional changes having little influence on the
structural deformation.

In the second region, it is observed an abrupt
reduction of stiffness modulus with strain. This behav-
iour is related with the end of the densification process
(corresponding to the maximum of Es—final of region 1)
and the beginning of the structural deformation of the
model, which starts from an elastic state to a permanent
one (final of region 2) that is maintained until the model
failure.

Fig. 13 Influence of the
number of pores per face on
the scaffold prototype stiffness
modulus (Es)

Fig. 14 Influence of macropores
geometry and dimension on the
scaffold prototype stiffness
modulus (Es)
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The third region, which corresponds to the major portion
of deformation, ends with the model failure, more specif-
ically when the stiffness modulus is zero.

According to these results, an average stiffness modulus,
Es, between zones 1 and 2, was established (Eq. 5). This
average coefficient results from the fact of the elastic
behaviour occur strictly in these two regions.

Es ¼ Es1Δ"1 þ Es2Δ"2
Δ"1 þΔ"2

ð5Þ

where Es1 and Es2 represent the average stiffness modulus
and Δε1 and Δε2 the strain increment in regions 1 and 2,
respectively. In this context, the average stiffness modulus
of the bulk material, calculated from Eq. 5, is equal to
195.44 MPa.

For the scaffolds prototypes mechanical characterization,
the same procedure was used. However, relatively to the
nominal stress–strain curve, only two deformation regions
were observed, as can be seen in Fig. 12. The fist
deformation region corresponds to the scaffold densifica-
tion and elastic deformation. This is the result of the
scaffold geometries that makes previous regions 1 and 2
difficult to distinguish. This region corresponds to the
model resistance zone and tends to be less evident as the
scaffolds macroporosity increases (Fig. 12a and b). The
second deformation region (zone 3) corresponds to the
major portion of deformation, ends with the model
failure, more specifically when the stiffness modulus is
zero.

Based on this behaviour, and having in consideration
that the elastic deformations are only present on the first
region, the scaffolds prototypes stiffness was calculated
considering that region.

Figures 13 and 14 illustrate the influence of the number
of macropores per face and macropores geometry and
dimension on the scaffolds stiffness modulus, respectively.
From the analysis of these figures, it can be seen that
scaffold prototypes stiffness decreases with the decrease of

the numbers of macropores per face and with the increase
of macropores dimension. For the scaffolds with higher
macroporosity, square macropores give rise to a superior
stiffness modulus comparatively to the other macropores
geometries. In addition, 12 face macropores give rise to
scaffolds with less stiffness modulus.

Due to the differences observed between scaffold’s
theoretical and real macroporosities, the influence of the
number of macropores per face in scaffolds stiffness was
not accurately studied. However, the results indicate a
decrease in scaffold stiffness modulus with the increase of
macroporosity. It was also observed that for scaffolds with
high macroporosities, the mechanical behaviour of circular
macropores is inferior comparatively to the specimens with
square macropores, for lower macroporosities, this behav-
iour is inverted.

Figure 15 illustrates the results of the analysis of the
influence of the number of cubical units assembled on
scaffold stiffness modulus. These results indicate that
when various cubical units with the same structure/
geometry are assembled together, the stiffness of the
resultant structure is reduced. It was also observed that the
scaffolds with circular macropores give rise to lower stiff-
ness modulus comparatively to the scaffolds with square
macropores.

4 Conclusions

The present paper addresses methodologies to overcome
some limitations of 3D printing technique in order to
produce scaffolds for tissue engineering and proposes
procedures for their suitable mechanical characterization.
This paper also summarises the experimental results
concerning the influence of geometrical and porosity
factors on the scaffold prototypes mechanical stiffness.

Relatively to process characterization, it can be concluded
that the 3DP has great potential to be applicable for scaffold
fabrication, allowing the control over the macropore size,

Fig. 15 Influence of the
elements association on the
scaffold prototype
stiffness modulus (Es)
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topology and distribution. However, according to the results,
it is necessary to:

– Make corrections during the project design, to ensure
that the macroporosities and pores architecture of the
fabricated scaffolds correspond to the same of the
scaffolds project design

– Select powders with smaller grain size in order to allow
an increase of scaffold’s definition and thus to produce
scaffolds with theoretical macropores sizes of 500 μm
or less, as desirable for tissue engineering

– Manipulate biomaterials for scaffolds production with
the existing device, since this equipment was not been
developed for biomedical applications

– Review the infiltration methodology in order to ensure
a more uniform and reproducible spread of the infiltrant

Relatively to scaffold mechanical behaviour, this work
indicates that:

– The adopted methodology worked well for the materi-
als used for the scaffolds prototypes fabrication.

– To fully characterise the mechanical behaviour and
porosities of different bulk materials and scaffolds, the
methodology used in the present work can be followed.

– The scaffold prototypes with higher macroporosities
have lower stiffness modulus comparatively to those
with lower macroporosities.

– Generally, the scaffolds prototypes with four faces per
macropores (i.e. square shape pores) give rise to the
highest stiffness modulus.

– The assembled scaffold’s stiffness decrease as the
number of elementary units associated increase.
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