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A B S T R A C T

The aim of this work is to deliver a precise statement about the mechanical effect of microstructural defects
induced by stereolithography. Design of cellular structures based on a photosensitive resin with varied porosity
content is performed up to 60%. The compressive behaviour of these structures is captured and microstructural
defects are analysed using X-ray micro-tomography. Finite element computation is considered to predict the
compressive behaviour of both 3D microstructures and CAD (Computer-Aided Design) models up to the den-
sification stage. X-ray micro-tomography analyses reveals that two main defects are generated by the process,
namely residual support material and excess of resin trapped inside the porous network. Significance of the
defects is proved to be related to the design of cellular structures with porosity levels in the range 10–30%. In
addition, both experimental and numerical results show no evidence of anisotropic effect related to additive
layering of resin. Finally, the suggested damage – densification constitutive law captures the main characteristics
of the compressive response of studied cellular structures.

1. Introduction

Cellular solids, which are media composed of solid and gaseous
phases, have particular performance that can be modulated in a wide
range by manipulating their airy nature [1]. Indeed, cellular solids are
widely used in applications requiring lightweight performance [2],
thermal insulation [3], energy and noise absorption [4], filtering (Ya-
droitsev et al., 2009), and substitutes for tissue engineering [5]. These
applications impose stringent restrictions on the cellular morphology.
Conventional manufacturing methods like foaming and powder me-
tallurgy experience difficulties to control the internal microstructural
cellular structures, causing the low repeatability of desired morphology
and deviation from targeted properties. Therefore, the obtained prop-
erties are highly sensitive to scale change because of the differences that
appear between local and global measurements such as for density,
feature size and shape. Additive manufacturing (AM) allows the fabri-
cation of parts exhibiting complex geometries. On top of being re-
producible, these AM parts share the key advantage of offering pre-
dictable and pre-determined unit cells even with interconnected porous
structures [6].

Some of the most popular AM systems include stereolithography
(SL), laser sintering (LS), fused deposition modelling (FDM) and

laminated object manufacturing (LOM), which use liquid, filament/
paste, powder and solid sheet material, respectively [7]. Stereo-
lithography (SL) is one of these AM techniques, which exhibit high
fabrication accuracy. The increasing number of available materials that
are now used as a feedstock material for stereolithography allows ste-
reolithography to fairly compete with traditional process routes for
polymer manufacturing. Stereolithography has received remarkable
success in applications of manufacturing porous structures for tissue
engineering [8]. Processes of SL are integrated manufacturing pro-
cesses, which include model slicing, laser devices control, materials,
machine parameter setup, and post-processing modules [9]. SL process
like the other AM technologies presents some imperfections in dealing
with filling the space of the part without the generation of dis-
continuities. Such imperfections ranges from geometrical defects to
volume mismatch. These defects impair the effectiveness of the AM
process and in turn affect the performance of the designed parts. If the
previously mentioned imperfections are genuine kinematics defects,
another type is more specific to SL, namely inhomogeneous curing. This
is the source for distortion and shrinkage phenomena that appear
during the post-curing process. Dimension inaccuracy originates here
from the uncured or partially cured resin within the photopolymer
material [10]. Because of all mentioned imperfections, engineering
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parameters received major attention for the purpose to optimise the
process and improve the quality of the manufactured parts. In most
situations arising, compromises are found. Slicing the CAD model prior
printing is a typical example. Indeed, a small slice thickness leads to
accurate geometry but large build time, while large slice thickness
causes dimension errors and unsatisfying surface finish state due to
staircasing. Several strategies have been developed to optimize the
slicing procedure including direct slicing of CAD models with constant
or adaptive layering thickness [11]. Physical parameters such as hatch
cure depth, blade gap, hatch spacing and orientation have also being
studied due to their large effect on the part quality. Zhou et al. [12]
report five possible input process parameters that affect geometry ac-
curacy with a leading influence of layer thickness and laser scanning
duration. Chockalingam et al. [13] confirm the influential effect of
layer thickness on mechanical properties of SL components more par-
ticularly residual stress and tensile strength. Build orientation as an-
other process parameter directly affects the part accuracy, mechanical
performance, build time and cost. Quintana et al. [14] demonstrate
through a statistical design of experiments that the layout has a sig-
nificant influence on tensile strength and stiffness. In fact, the layout
influence is justified by the relative positioning of the layers composing
the part with respect to the loading direction.

These flaws mentioned above are amplified when it comes to the
design of cellular structures. The associated complex surface tessella-
tion undermines the fabrication step more severely compared to dense
structures. This problem is critical because of the large sensitivity of the
in-service performance to cellular characteristics [15]. The amount of
voids, for instance, tunes exponentially both strength and stiffness
[16,17]. It appears then important to precisely quantify the influence of
the complex porous architecture on the mechanical performance of SL-
based parts. Analytical methods are often limited to predict such ren-
dering of complex architectures, while numerical approaches like finite
element (FE) method are more accurate especially to incorporate mi-
crostructural details [18]. This strategy of using FE based models is
applied by Campoli et al. [19] to evaluate the mechanical performance
of cellular structures manufactured using selective melting. To be even
more effective, FE computations are to be coupled with adequate 3D
imaging techniques to access microstructural defects. Veyhl et al. [20]
point out the mechanical anisotropy of cellular structures that can be
reached using FE models combined with micro-computed tomography.

As shown in Fig. 1, the sensing of the microstructural defect role on
part performance is considered through a scheme involving 3D ima-
ging, finite element computation and mechanical testing. The idea here
is to compare the predicted behaviour of the cellular structures based

on implementation, in the finite element model, of microstructural in-
formation issued from 3D imaging.

This defect based model is compared to predictions relying on CAD
model geometries. The difference between the two predictions is in-
formative of microstructural defect influence, which is precisely eval-
uated and quantified in this study. The comparison with the experi-
mental testing result (Fig. 1) provides a key understanding of the role of
defects in driving the performance of porous parts designed using ste-
reolithography.

2. Experimental layout

2.1. Cellular structure processing

The cellular solids are designed using sequential addition algorithm
based on random positioning of voids with typical diameter of nearly
10mm each. The spherical porosities are allowed to overlap to increase
the porous content from 0 up to 60%. In order to guarantee structural
stability of the cellular material, void positioning is accepted at the
condition of solid material continuity. The CAD models of typical di-
mensions of (30×30 × 30) mm3 are converted into stl files. The

Fig. 1. General scheme of the approach used to de-
rive the effect of process induced defects on me-
chanical performance of cellular parts with close
porosities designed using stereolithography.

Table 1
Photosensitive resin SPR6000B: Physical characteristics of the liquid and post-
cured states.

Liquid state
Appearance White
Density 1.13 g/cm3 at 25 °C
Viscosity 355 cps at 28 °C
Penetration distance, Dp 0.145mm
Critical exposure energy, Ec 9.3 mJ/cm2

Building layer thickness 0.1 mm

Post-cured solid state (90-min UV post-cure)
Property Test standard Magnitude
Hardness, Shore D ASTM D 2240 83
Flexural modulus ASTM D 790 2692–2775MPa
Flexural strength ASTM D 790 69–74MPa
Tensile modulus ASTM D 638 2189–2395MPa
Tensile strength ASTM D 638 27–31MPa
Elongation at break ASTM D 638 12–20%
Impact strength ASTM D 256 (notched Izod) 58–70 J/m
Heat deflection temperature ASTM D 648 at 66 psi 52 °C
Glass transition (Tg) DMA, E”peak 62 °C
Coefficient of thermal expansion TMA (T<Tg) 97× 10−6/°C
Density – 1.16 g/cm3
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virtual models are sliced into 0.1 mm in thickness layers to define the
different horizontal cross sections. The sliced models are processed
using SL equipment purchased from Hengtong Ltd, China under the
reference SPS350B. Laser beam of diameter 0.15mm and wavelength of

355 nm is used to cure the photosensitive resin. The main character-
istics of the liquid resin (SPR6000 epoxy from Hengtong Ltd, China)
and cured polymer are given in Table 1.

The laser draws the pattern according to the slicing data with a

Fig. 2. Main steps to achieve Sl-based cellular mate-
rials.

Fig. 3. Compression testing setup of SL-based cellular
polymer with illustration of image recording for
sample R60A (porosity content 60%). The symbol #
encodes the frame number, e is the load level or
height reduction percentage. The dots are used for
visual guidance (dot spacing close to 2 mm).
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slicing resolution of 0.1 mm. The UV radiation is absorbed by the
photopolymer to achieve a solid structure. After a solid layer is formed,
the supporting platform is moved away from the surface and then the
next layer is cured. These steps (the movement of the platform and the
curing of an individual pattern in a layer of resin) are repeated layer by
layer until the part is completely built. Due to the risk of structural
collapsing during the process especially with cellular materials, support
is added, which is formed by thin struts of the same resin and cured
using the same process of laser beam exposure. Fig. 2 illustrates the
principle of SL process including the support structure generation. Fi-
nally, the part is exposed for about 16min. to high intensity ultraviolet
radiation in order to complete the curing process and gain more
structural stability [21]. More than 60 specimens are fabricated under
the same conditions and process parameters.

2.2. Characterisation protocols

Compression testing of the SL cellular blocks is performed using an
electromechanical universal test machine from Testresources Inc.
(Shakopee, MN, USA), equipped with a load cell of 100 kN (Fig. 3).
Loading is performed up to densification under a load rate of 10mm/min.

Uniaxial loading is performed on all orthogonal faces including the
building direction to reveal any anisotropy in mechanical behaviour.
These correspond to uniaxial loading in X-direction (lateral face), Y-
direction (front face) and Z-direction or building direction (top face).
Optical imaging of the lateral view of the samples is conducted si-
multaneously using a high-speed camera (Fastcam SA-X2 from Photron
company, USA) with a spatial resolution of 900× 900 pixels and a
frame rate of 50 fps. Supplementary materials as video recordings of all
loading situations are provided for all studied SL-based cellular mate-
rials (refer Videos 1–3).

Movie 1.

Movie 2.

Movie 3.

In addition to mechanical testing, X-ray micro-tomography imaging
of SL cellular structures is considered using UltraTom X-ray micro-CT
instrument (Fig. 4). Acquisition parameters are: 230 kV X-ray source,
60 kV (voltage), 480 µA (current intensity), 31 µm (voxel size). 3D
images of typical resolution of one billion voxels are built using X-Act
software from Rx-Solutions. Images are processed using ImageJ free
software from NIH (USA). Part of the processing is the determination of
axial porosity profiles, defect and porosity content and feature size
distributions.

Fig. 5 illustrates the rendering of X-ray micro-tomography imaging
of studied cellular structures.

3. Modelling technique

All finite element computations are conducted using Ansys software
(PA, USA). Two types of modelling are considered. The first one uses
explicitly the microstructural information of CAD and X-ray micro-to-
mography images to assess elasticity response. The second one relies on
implicit implementation of microstructural characteristics. It is meant
to model the damage and densification behaviour of the studied cellular
structures.

For the first computations, geometry of CAD models and 3D images

Fig. 4. X-ray micro-tomography imaging illustrated for cellular sample R00.
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of microstructure of printed SL cellular structures are converted into
surface meshing. These meshes are further processed into volume me-
shes using tetrahedral elements. These elements are defined using four
nodes, and each node is described by three degrees of freedom (dof),
namely structural displacements ux uy uz( , , ). Meshing is irregular, which
means that its fineness is adapted depending on both local curvature
and size of the walls composing the solid phase in the cellular material.
The model size varies between 0.72×106 dof and 2.41× 106 dof. The
implemented material model corresponds to the properties of the cured
resin. Preliminary analysis of the compressive response of the cured
resin shows that it can be considered as an isotropic elastic material
defined by a unique couple of Young’s modulus = ±E( 1.06 0.02 GPa)0

and Poisson’s ratio = ±v( 0.23 0.01)0 . Indeed, Young’s moduli values
1.04 ± 0.02 GPa, 1.07 ± 0.00 GPa and 1.07 ± 0.00 measured in X, Y
and Z directions confirm a scatter of less than 2%. Also, the six Poisson’s
ratios derived from measurement of the lateral expansion in the elas-
ticity stage are slightly different = = ±v v 0.24 0.01xz zx ,

= = ±v v 0.22 0.03xy yx , = = ±v v 0.22 0.04yz zy ).
To ensure convergence, boundary conditions are adapted to allow

sufficient node constraining especially for cellular materials with large
amount of voids. Preliminary computations are performed to examine
the effect of increasing the layer thickness on which compression
boundary conditions are applied. Here, the same axis nomenclature
used for experiments applies for simulations. For a loading in Z-direc-
tion (building direction), this writes: =uz 0 for 0 ⩽ ⩽z Zh and

= −uz uΔ for × − ⩽ ⩽Z h z Z(1 ) where hZ is the thickness of the nodal
layer in Z-direction subject to uniaxial loading, Z = 30mm and >uΔ 0.
Reaction forces are evaluated and Young’s moduli in main directions
are derived. Fig. 6 shows the predicted Young’s moduli in X, Y and Z
directions for the case cellular structure containing the largest amount
of porosity (R60A).

Young’s moduli are more sensitive to boundary conditions when the
constrained layer represents less than 1% of the total dimension on
which the uniaxial loading is applied. As illustrated in the same sketch,
the load transfer materialised by the displacement field becomes ef-
fective when a sufficient number of nodes is activated on the loaded
surfaces. For the remaining computations, h =5% is selected for each
porosity level. This represents 21 different cases to be evaluated (i.e.,

Loading on three orthogonal faces multiplied by the seven studied
cellular structures). The computation duration for one uniaxial loading
simulation varies between 3min. and 12min. depending on model size.
Computation performance is measured on a workstation equipped with
a pair of 10-core Xeon E5-2620 v3 clocked at 2.3 GHz and 192 GB of
RAM.

The second type of computations combines the opposing effects of
damage and densification. The increase of stiffness due to cell contact
behaviour of the cellular material can be modelled using the expres-
sion [22]

= × − −E ε E exp ε exp( (%)) ((1 ( /100))/(1 (1)))D
d

1 (1)

where E1 is the modulus that accounts for the stiffness increase due to
cell wall contact. This modulus depends on the applied load ε. ED and
d are two coefficients to be identified for each printing configuration.
ED has the meaning of a densification modulus and can be fairly
compared to Young’s modulus of the dense phase ( ≈E ED 0), d is the

Fig. 5. 3D views of SL-based cellular materials. The
numeric value in sample nomenclature refers to the
porosity content in percent.

Fig. 6. Preliminary analyis of boundary condition effect on predicted Young’s moduli.
The largest porosity content is used (R60) with an increasing thickness h of constrained
nodes.
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densification exponent, which triggers the densification onset. In
particular, for small loads, the contribution of the densification term is
insignificant and starts to be predominant at large loads. The densi-
fication coefficient is dependent thus on the characteristics of the
printed cellular materials.

Due to the relative brittle nature of the resin, surface creation fol-
lows the cell wall rupture events. In order to account for the local
lowering of stiffness, another term is added to the overall stiffness of the
cellular material

= + × − × − ⩾E ε E B exp A ε ε ε ε( (%)) ( ( )),R R R2 0 0 (2)

where E2 is the damage term, which also depends on the applied load,
ER is the residual stiffness of the damaged structure, ε0 is the strain level
at which damage occurs, it can be fairly compared to a yield strain
(∊ ≈ σ E/Y0 0) although plasticity effects are neglected, AR and BR are two
coefficients that are identified from the fitting procedure.

4. Results and discussion

4.1. Microstructural features

Fig. 7 illustrates the support structure generated during the slicing
process for all cellular structures. Most of this structure appears as co-
lumnar directed towards the building direction.

The remaining part is a grid generated at the base to ease the part
collection after curing. The small amount of support (< 0.70%) is jus-
tified by the discontinuous nature of all support segments connecting
the internal cell walls. The correlation between the amount of support

(S) and the intended porosity content ( f ) can be fairly approximated
using a linear profile

≈ × =S f R(%) 0.01 (%); 0.942 (3)

In order to evaluate whether SL processing induces major violation
to the rendering of CAD models of the cellular structures, reference
must be made to porosity features. Fig. 8 compares the porosity level
profiles measured on both CAD models and 3D images of SL-based
cellular structures in X, Y and Z-directions. These profiles are built by
measuring, in the three orthogonal directions, the surface content of
porosities within each cross-section from both the manufactured SL-
cellular structure and the CAD model. Fig. 8 summarises three typical
cases among the seven studied conditions: process-induced porosity
represented by R00 (Fig. 8a), SL-based structure with dilute porosity
population (R10 as Fig. 8b) and percolating porosity network in R60
(Fig. 8c). From Fig. 8a, it is clearly demonstrated that SL-processing
does not generate a significant porosity level compared to AM processes

Fig. 7. Support architecture generated during the slicing process as function of porosity
content represented by the numeric value XX in the label RXX. S refers to the support
volume content.
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Fig. 8. Axial profiles of porosity content of SL-based cellular structures: comparison be-
tween CAD models and real parts imaged using X-ray micro-tomography: (a) R00, (b)
R10, (c) R60.
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such as FDM [23]. This is mainly due to the liquid state which causes
limited porosity to appear during the polymerisation process. The
minor porosity left behind ( <f 0.01%) originates from trapped bubbles
in the liquid resin. More contrasted profiles are observed between the
CAD model and 3D image for R10 (Fig. 8b). In this dilute porosity si-
tuation, most of the bulk porosities have no connection to external
surfaces. This means that a large part of the liquid resin is trapped in-
side these porosities, which explains the relative lower porosity levels
measured on the real part (Fig. 8b). Fig. 8c illustrates, however, a
perfect matching between the CAD model and the SL-based structure by
referring to the same cause that the resin inside the open porosities is

able to be removed.
A more synthetized view including all remaining cellular structures

is given in Fig. 9.
The difference between porosity profiles is measured using the area

under the curve. Average porosity deviation is derived by dividing the
area under the curve by the cellular structure size in X, Y and Z di-
rections. The worst design case corresponds to intended porosity con-
tent of 20%. Here the largest amount of resin is trapped inside the
porous structure during the processing. Deviations below 2% are ob-
served when the intended porosity content is either below 8% or ex-
ceeding 38%. This result remains true for any attempted direction of
measurement. Fig. 10 illustrates the main reasons for porosity deviation
results.

On the top left side, a successful support removal is reported for
open porosities more particularly at the external surfaces. Because the
same resin is used for supporting the cellular structure, some residual
support hangs over the cell walls. The top right side in Fig. 10 highlights
trapped support situation within a closed cell. The central view shows
some of the supporting structure collapsed during polymerisation. The
former situations can be considered as having a secondary effect on
porosity content deviation because of the small amount of support
material involved. However, the two bottom views in Fig. 10 hold most
of the explanation. These are negative views of what should be the void
space inside closed porosities. The solid frame represents here the re-
sidual porosity left behind the resin flow inside spherical porosities.
This severely damaged cellular structure is reported more particularly
for an intended porosity of 20% (Fig. 9).
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Fig. 9. Average porosity content deviation derived from differences in axial porosity
contents in X, Y and Z (building) directions.

Fig. 10. Typical defect situations induced by stereolithography from X-ray micro-tomo-
graphy imaging.

Fig. 11. Nodal solutions for a loading in Z-direction of SL-based cellular structure as
function of porosity content (X-ray micro-tomography based FE simulations).
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4.2. Mechanical behaviour

Typical nodal solutions of the predicted elasticity behaviour of SL-
based cellular structures are shown in Fig. 11. These counterplots are
issued for a loading in Z- (building) direction based on the im-
plementation of X-ray micro-tomography images. Displacement com-
ponent counterplots show uniformly loaded external surfaces for all
porosity content conditions. This is related to the thick layer of nodes
constrained against loading, which represents 10% of the cellular
structure size ( × =h2 10%). Stress results exhibited using the same
magnitude scaling shows a more heterogeneous stress distribution
taking place for increasing porosity content. This heterogeneity is

related to the increasing number of stress concentrators. For all studied
situations, there is no marked heterogeneity in the building direction
(Z), in contrast to recently reported results on FDM [24]. This is ex-
plained by the resin continuity ensured during the motion of the
moving platform in SL process.

Fig. 12 shows the stress intensity field in the vicinity of a residual
support structure for a cellular structure containing 30% of porosities.
The low stress levels observed in the support structure demonstrates the
minor role of such residual on the compressive response of the cellular
structure.

Fig. 13 compares the predicted FE elasticity response of the SL-
based cellular structures with the experimental trends.

All sketches are prepared by replacing the porosity content −f ( ) by
its complementary quantity, namely the relative density −ρ ( ), where

= −ρ f1 . Here, both X-ray micro-tomography images and CAD models
are used as inputs in the FE simulations. Due to the fact that cellular
structure is generated randomly with sphere-like overlapping poros-
ities, any expected anisotropy would come from the intrinsic phase
properties or induced by the SL process. The nodal solutions shown
earlier and the general trend for all simulations and experimental re-
sponses show no proof of major anisotropy induced by processing. Also,
the relative difference in porosity content between CAD models and real
parts, more particularly for =f 20%, induces only a shift in Young’s
moduli trends. Minor differences are found between simulation results
and the experimental responses in all tested directions. These differ-
ences refer to underestimation of the predicted stiffness response at low
relative density values <ρ( 0.7) and an overestimation of the same
quantity for =ρ 0.9. The general trend of the simulation results can be
easily captured using a linear function in the range ∈ρ [0.5,1.0].
However, to be more consistent with the cellular material theory, the

Fig. 12. Magnified view of stress intensity distribu-
tion showing the local stress field close to a residual
support structure (FE simulation based on X-ray
micro-tomography images).
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Fig. 13. Elasticity scaling law of SL-based cellular structures: comparison between ex-
perimental responses (EXP), CAD models (CAD) and X-ray micro-tomography imaging
(RXT) based FE simulations (a) Young’s modulus, (b) Poisson’s coefficient.

Table 2
Coefficients α β( , ) of the scaling laws representing the elasticity behaviour of SL-based
cellular structures fitted from experimental and FE simulations. The correlation factors
R2is shown for each evaluation in X, Y and Z (building) directions.

Axis X Y Z (building)

Coefficient αX βX RX
2 αY βY RY

2 αZ βZ RZ
2

Experimental 1.76 0.97 0.99 1.76 0.97 0.99 1.76 0.97 0.99
FE simulation - CAD

based
2.15 1.00 0.99 2.68 1.06 0.99 2.10 0.99 0.99

FE simulation – X-ray
µ-tomography
based

2.49 1.02 0.99 2.19 0.99 0.97 2.07 0.99 0.99
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following nonlinear function is used

− = × −E E β ρ/ ( ) ( )α
0 (4)

where α β( , ) are coefficients directly available from the fitting of the log
– log representation of all trends in Fig. 13a. Table 2 summarises the
fitting coefficients for all simulations and experimental results.

The fitting results are all satisfying if we compare the achieved
correlation factors for all conditions (R2= 0.99). Table 2 reports the
same magnitude for coefficients derived from the experimental re-
sponses in X, Y and Z directions. A stiffer behaviour involving more
uniaxial deformation is a distinct feature of the experimental evidence
( <α 2.00). A typical behaviour of a cellular material accounting for
more bending contribution is achieved with the FE simulations
( ≈ ±α 2.28 0.25).

Poisson’s coefficient predictions related to FE computations of both
CAD models and X-ray imaging are compared to experimental data
derived from image analysis. Fig. 13b shows that the numerical results
are invariant with respect to the relative density. The experimental
trend suggests a slight change of behaviour for a relative density be-
tween 0.7 and 0.8. An explanation of this change may be related to a
possible effect of pore filling experienced within the same range of
relative density.

The behaviour of studied SL-based cellular structures up to the
densification is further explored in Fig. 14.

In order to confirm the isotropy of cellular structures printed using
stereolithography, the mechanical responses in X, Y and Z-directions
are compared in Fig. 14a. Both experimental and numerical trends are

plotted for a cellular structure containing 20% of porosities. The nu-
merical predictions are based on the damage-densification constitutive
law introduced earlier. No major differences between trends in X, Y and
Z direction is found confirming the isotropy of SL-based cellular
structures. Also, a fair matching between experimental and numerical
responses is obtained. All deformation stages up to densification are
appropriately captured using the damage-densification constitutive
law. The main characteristics of the compressive response are the da-
mage onset in the elasticity stage followed by a descent of the reaction
force and finally sharp force increase. To these three stages are asso-
ciated the following deformation mechanisms: cell wall bending, cell
collapse, and cell densification. Minor differences do exist between
numerical and experimental trends. These are related to the sudden
changes in reaction force evidenced experimentally, which reflect me-
chanical instabilities driven by cell wall rupture events. From the nu-
merical viewpoint, rupture event are treated as local change in stiffness
and correspond to a smoother change in reaction force.

Fig. 14b compares the compression response of SL-based cellular
structure as function of porosity content. The typical behaviour in-
troduced earlier is confirmed with some differences related to a de-
creasing stress magnitude at damage onset, lower stress level in cell
collapse regime and lower stress rate increase at densification, all
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Fig. 14. (a) Isotropy of a SL-based cellular structure containing 20% of porosity con-
firmed through compression response up to densification in X, Y and Z-directions. NUM
and EXP stand for finite element predictions (NUM) and experimental observation (EXP),
(b) comparison between experimental and numerical trends of SL-based cellular struc-
tures as function of porosity content f.

Fig. 15. Scaled quantities used to define the damage-densification law in finite element
model as function of porosity content f.
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related to the increase of porosity content. The numerical predictions
capture fairly all trends as function of porosity content with minor is-
sues related to the instable change in reaction forces discussed earlier.

The fair agreement between experimental and numerical trends is
based on adjustment of the six mechanical parameters associated to the
damage-densification constitutive law, namely, ED, ER, BR, ε0, d, AR.
These parameters are further correlated to the amount of porosity in the
SL-based cellular structures as shown in Fig. 15. The identification of all
parameters is performed using the mechanical response of 64 replicates
for testing in X, Y and Z directions. The identified parameters all show
minor dependence on testing direction as attested by the analysis of
average and standard deviation. The first parameter, ED shown on the
top of Fig. 15 represents the densification modulus.

A large porosity content delays the densification because a larger
space is available for structural displacement of cell walls before con-
tact. Consequently, ED decreases. The negative trend can be fairly ap-
proached using a linear function of the form:

= − × =E f R(MPa) 1011 15 (%); 0.99D
2 (5)

The second coefficient of the densification term, d follows a similar
trend if we exclude the first point (f= 0%). This parameter is found to
decrease with the increase of the porosity content

− = − × =d f R( ) 6.57 0.03 (%); 0.682 (6)

The second parameter, ER plotted against the porosity content refers
to the residual stiffness of the damaged cellular structure. This residual
stiffness is affected by the initial stiffness and damage accumulation
during loading. From Fig. 14, minimum reaction forces reach ground

values for porosity levels as large as 40%. This causes the residual
stiffness to be nonlinearly correlated to the porosity level. In Fig. 15,
this can be captured using a decay function of the form

= × − × =E exp f R(MPa) 64 [ 0.06 (%)]; 0.95R
2 (7)

Both parameters AR and BR of the damage term in Eq. (2) are found
to exhibit the same behaviour ( ≈A BR R). These two parameters control
the rate, width and overall trend of the cell collapse stage. With a
jagged variation with respect to the porosity content, a linear de-
creasing profile is fairly obtained

− = × − − × =A B f R[ ( ), (MPa)] 18 [( ),(MPa)] 0.25 (%); 0.73R R
2 (8)

The damage onset represented by the quantity ε0 slightly changes with
respect to the porosity content. A linear correlation is predicted for this
parameter

− = − × × =−ε f R( ) 0.075 3 10 (%); 0.800
4 2 (9)

Based on the fact that defects induced by stereolithography are
more related to shifts in porosity content (Fig. 9), it is possible to
compare the compressive response of CAD models and real parts using
X-ray micro-tomography results. With the help of the identified para-
meters of the damage – densification model and related correlations,
the radar charts in Fig. 16 show the variation of the six parameters of
the damage – densification model using porosity levels derived from
CAD and XRT (X ray micro-tomography).

The average variation of the six parameters as a result of change in
porosity content is less than 7%. The cellular material standing apart
from the group is the one containing 20% of porosities. The difference

Fig. 16. Radar charts of the six mechanical para-
meters of the damage – densification law showing the
difference between CAD models and real parts (XRT:
X-ray micro-tomography imaging).
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between CAD and XRT represents, respectively, 14%, 13%, 5%, 4%, 3%
for ED, A BandR R, E d ε, , andR 0.

5. Conclusions

This study shows that X-ray micro-tomography proves to be a key
technique to sense microstructural differences between CAD models
and real printed designs. Imaging results demonstrate that the design
of cellular polymers containing randomly distributed spherical voids
using stereolithography (SL) has to be considered with care espe-
cially in terms of intended porosity content. The considered SL setup,
with a descending printing base, results in deviation in 8% of por-
osity content for an intended porosity level of 20%. In the porosity
content range 10–30%, the achieved low porosity contents are due to
excess of resin flowing into the closed porosities during the building
process. SL-based cellular polymers with larger intended porosity
contents allow the evacuation of resin excess thanks to the increasing
pore connectivity. X-ray imaging combined with finite element
computations show also that the amount of residual support material
has minor mechanical effect. The same material elasticity law is
achieved for CAD-based and 3D imaging-based FE computations with
shifts on Young’s modulus related to the porosity content deviation.
Poisson’s expansion of the printed cellular structures seems to be
invariant with respect to porosity content. Constitutive modelling of
the compressive behaviour up to densification reveals no mechanical
anisotropy. The implemented damage – densification model captures
all deformation stages up to densification for any porosity level in the
range 0–60%.

This study concludes finally that mechanical defects induced by
stereolithography can be anticipated by adjusting the porosity level in
an appropriate range without much affecting the trend of the com-
pressive behaviour.
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