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a b s t r a c t 

The present work investigates cellular materials that can be potentially used as a replacement of solid implants 

owing to their mechanical properties and biocompatibility. More specifically, titanium alloy (Ti6Al4V) cellular 

materials of three different topologies were considered to study the effect of the degree of irregularity. Cubic 

regular, cubic irregular and trabecular structures were manufactured using Laser based powder bed fusion (LB- 

PBF) process. The LB-PBF process had an impact on the strut thickness of the samples. Samples were subjected to 

micro computed tomography to understand the geometrical deviations and to use the actual geometry for finite 

element analysis. Mechanical properties such as Young’s modulus and strength were derived from compression 

and tensile testing. The results indicate that the Young’s modulus was between 6 and 17 GPa, which were closer 

to the values of human cortical bone. The finite element analysis results showed a good correlation with the 

tensile test results as well. Furthermore, Gibson–Ashby model is used to study the effect of cell topology on 

the structural behavior. The model indicated that the misalignment of nodes of cubic regular structures to form 

irregular structure, transformed the stretching dominated behavior of cubic structures to bending dominated 

behavior like trabecular structures. Finally, the regular structures appeared to be much more prone to catastrophic 

failure than irregular and trabecular structures. Both visual observation of experimental testing and FE analysis 

explained this difference as result of different modes and zones of failures. 
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. Introduction 

Additive manufacturing (AM) allows three-dimensional (3D) parts

roduction through layer-by-layer addition of material starting from a

liced 3D CAD file. AM has the ability to manufacture products rang-

ng from micro to macro scale irrespective of the complex geometries.

 range of materials from polymers to metals can be used in the AM

rocess [1] . Powder bed systems, powder feed systems and wire feed

ystems are the basic methodologies used in the additive manufac-

uring of metals. In particular, powder bed fusion systems employing

lectron beam (EB-PBF) or laser beam (LB-PBF) previously known as

lectron beam melting (EBM) and selective laser melting (SLM) have

een used extensively [2 , 3] . In this current study LB-PBF process [4–6]

as used to manufacture the specimens. The LB-PBF process is com-

only used for the fabrication of cellular materials, which attracted the

nterest of the scientific community thanks to their light weight and

igh specific strength. Cellular materials can be divided into two types

ccording to the topology, stochastic or periodic. Foams are stochastic
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ellular materials whereas lattices are periodic cellular materials with a

epeating unit cell along all the three directions [7] . Depending on the

orphology of cellular materials, they are extensively used in packag-

ng industry, automotive, aerospace and biomedical applications. Lat-

ices are used in load bearing applications as well since their properties

an be tailored depending on the loading direction [8] . They are char-

cterized by the type of unit cell, strut thickness and pore size. Lattices

re either bending dominated or stretching dominated depending on the

eformation mechanism, which is defined by the cell topology. Bending

ominated lattices are more compliant, while stretching dominated are

tiff and designed for axial loading conditions [9 , 10] . 

Titanium alloy (Ti6Al4V) cellular materials are widely used in

iomedical implants due to their good corrosion resistance, high spe-

ific strength and stiffness [11–13] . Thanks to the AM technologies, the

roperties of these implants can be tailored to match the stiffness of

one (3–20 GPa) to avoid stress shielding [14] . The current study focuses

n Ti6Al4V lattice materials manufactured by LB-PBF process. Vari-

us studies have been carried out to understand the mechanical and
0 November 2020 
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Fig. 1. Schematic representing (a) cubic regular, (b) cubic irregular and (c) trabecular structures. 
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etallurgical behavior of such materials fabricated using AM process.

heir mechanical response is highly influenced by the cell topology and

elative density. Various cell topologies such as cubic, diamond, rhom-

ic dodecahedron, BCC, tetrahedron have been studied under static

nd fatigue loading [15–17] . The recent studies also include structures

ith graded porosity [18] and triply periodic minimum surface (TPMS)

ased gyroid structures [19 , 20] . These studies concluded that an in-

rease in the relative density increases the stiffness and the strength of

he structure, while the cell topology influences the deformation behav-

or. This behavior can be mathematically modeled using the Gibson–

shby power law [21] . 

Along with the above-mentioned parameters, microstructure, pro-

ess parameters and defects also influence the properties of bulk as well

s lattice materials manufactured through LB-PBF. Zhang et al. stud-

ed the transformation of 𝛼-martensitic phase to a stable 𝛼+ 𝛽 phase

n Ti6Al4V alloys using heat treatment at different temperatures [22] .

ther processes such as hot-isostatic pressing, shot peening and electro-

olishing have a positive effect on the internal porosity, static and dy-

amic behavior [23 , 24] . LB-PBF process parameter such as laser power,

canning distance, and scanning speed influence the building quality

nd mechanical behavior of cellular materials [25] . Qiu et al. [26] ,

or example, concluded that increasing the laser power increased the

trut thickness, surface roughness and internal porosity. Vertical struts

re printed with least internal porosity and strut defects, while in-

lined and horizontal struts have the porosity in the bottom part of the

truts [27] . Strut defects such as waviness, eccentricity, and increased

hickness influence the mechanical response under static and fatigue

oads [28 , 29] . 

To study the above-mentioned defects, micro X-ray computer tomog-

aphy (μCT) is being used extensively for AM foams and cellular mate-

ials, thanks to the unique capability of μCT to analyze both external

nd internal geometries and features in a non-destructive manner [30] .

u Plessis [31] conducted an extensive study on the effect of process

arameters and evaluated the bulk samples using μCT. Strut defects, ge-

metrical deviations, internal porosities and damage modes [32] have

een analyzed for cellular materials as well as bulk materials [33 , 34] .

ozanovski et.al. [35] used tomography to replicate strut defects from

B-PBF using a new modeling technique. Van Bael et al. [36] used μCT

n a loop to control the geometry of the Ti6Al4V structures, the mis-

atch in the pore size was reduced from 45% to 5%. Finite element

FE) models generated from μCT scans have been subjected to in-situ

oading [37] or using analyses software to replicate the experimental

esults. These studies are mainly focused on the deformation behavior

nd localization of stresses due to defects for regular lattice structures

nd foams [37–39] . Most of the studies in cellular materials involve their

haracterization using compression and fatigue loads. However, failure

tudies of unexpected fracture of joint prostheses revealed that excess

ctivity, higher weight in patients, improper positioning and loosening
f implants induce tensile stress in prostheses [40 , 41] . Also a previous

tudy conducted by us indicated that the specimens showed an asym-

etric behavior due to inclination in load during compression test, while

ensile tests allowed for better alignment of the specimen along the load-

ng axis leading to an accurate estimation of stiffness [42] . Therefore,

here is need to investigate the properties of cellular materials under

ensile loading along with compression and fatigue loads. 

The main focus of this work is to study the less explored loading con-

ition, viz. uniaxial tension, along with more commonly investigated

niaxial compression loading. The study involves three different cell

opologies; cubic regular, cubic irregular (skewed junctions of cubic

tructures) and trabecular (random structure resembling the architec-

ure of natural trabecular bone) manufactured using LB-PBF process are

onsidered. All the samples had the same designed strut thickness and

ore size. They were subjected to compression loading using cylindrical

pecimens, tensile tests were carried out on specifically designed spec-

mens with solid grip ends under monotonic and cyclic loading condi-

ions. Cyclic loading was used to investigate the effect of stabilization in

ellular materials. Specimens were investigated using μCT for morpho-

ogical deviations from the as-designed structures due to LB-PBF process.

urthermore, finite element analysis is carried out for as-designed struc-

ures from initial CAD and a part of the as-built structures extracted from

CT reconstructed models. The FE analysis was carried out only for ten-

ile loading in elastic-plastic region. The results from the FE models are

ompared with the experimental data to obtain a clear understanding

f the difference in the as-designed and as-built structure. 

. Materials and methods 

This section provides details on the LB-PBF process parameters, unit

ell topologies, experimental procedure, and conversion of STL files to

E models. 

.1. Manufacturing and specimen design 

Three different unit cell topologies were studied; Cubic regular

Cr), Cubic irregular (Ci) and Trabecular (Tb) structures as shown in

ig. 1. They were designed with a nominal (i.e. as-designed) strut thick-

ess of 200 μm and an average pore size of 1500 μm. Pore size is defined

s the diameter of the sphere that can be inscribed in between the struts.

he STL files of these structures were generated using the materialize

oftware MAGICS 21.1 R ○ by the manufacturer. Cubic regular structures

ad square shaped unit cells repeated in all the three spatial directions

x, y and z), cubic irregular structures were formed by misaligning the

unctions of cubic regular structures using an algorithm and trabecular

tructures were designed to resemble trabecular bone. The number of

truts per junction is 6 for cubic regular and cubic irregular. For trabec-

lar structures, the number of struts per junction vary between 4 and 6
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Fig. 2. (a) Compression testing sample, (b) tensile testing samples with grips and (c) transition in tensile samples. 
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truts. In cubic regular structures, the struts are along X,Y and Z direc-

ions. For cubic irregular, the struts are along X,Y and Z directions but

ith a slight inclination due to misalignment of junctions and for tra-

ecular structures, the struts are in all the directions forming a random

rrangement. The presence of 4–6 struts in random directions increases

he density at the junctions, moreover at some junctions the struts over-

ap further increasing the density and decreasing the porosity. These

TL files were used as input for the LB-PBF process. 

Ti6Al4V cellular materials were manufactured using LB-PBF process

t Lincotek Medical facility, Italy. A biomedical grade Ti6Al4V powder

ith particle size in the range 15–45 μm was used. An EOS machine with

 laser power of 400 W and a layer thickness of 60 μm was used. The

roduced samples were subjected to heat treatment process according

o the company standards to eliminate residual stresses and to transform

he 𝛼-martensitic as-built microstructure to a more stable 𝛼+ 𝛽 lamellar

tructure [42] . Detailed parameters of the manufacturing process have

ot been disclosed by the manufacturer and are confidential. 

Two sets of samples containing five specimens each were produced

or all the topologies. The first set of samples had a cylindrical geometry

s shown in Fig. 2 (a), with a diameter of ∼15 mm (XZ plane) and length

f 16 mm (Y-direction). These specimens were used for porosity calcu-

ations and compression test. The second set of specimens were specifi-

ally designed for tensile testing as shown in Fig. 2 (b). The cellular part

f the specimen consisted of gradual transition at the ends reaching a

aximum thickness of ∼1.8 times the nominal strut thickness value as

hown in Fig. 2 (c). The transition is used to avoid stress concentration

etween the cellular and solid part of the specimen. The cellular part

f the structure is used to calculate the porosity and the displacement

uring the tensile test. A minimum of 8–10 unit cells were maintained

n all the directions for the specimens. 

.2. Experimental procedure 

This section gives the detailed procedure followed to measure the

orosity and calculation of mechanical properties. 

The porosity content was calculated on both compression and ten-

ile manufactured specimens mentioned in Section 2.1 , using dry weight

ethod. Five specimens in each configuration were weighed and the

ensity of these specimens was then calculated using the measured mass

nd volume. To obtain the relative density of the samples, the den-

ity of the cellular structure is divided by the bulk density of Ti6Al4V

4.42 g/cm 

3 ). The porosity is calculated using the method proposed in

 previous work by Raghavendra et al. [42] . 

Compression and tensile test were carried out under monotonic and

yclic loading conditions. ISO 13314:2011 was followed for compres-

ion test, and tensile test specimens were subjected to standard ten-

ile testing using an Instron universal testing machine. The tests were

onducted at room temperature at a crosshead speed of 1 mm/min,

 kHz of data sampling frequency, and samples were loaded along Y-

irection. Displacement was measured using a linear variable displace-

ent transducer (LVDT) and an extensometer for compression and

ensile test, respectively. Young’s modulus, offset yield strength and
aximum strength were calculated using stress-strain curves from the

onotonic test. According to ISO 13314:2011, to calculate the Young’s

odulus using the unloading test, a cyclic test was carried out. The

yclic test was carried out by loading and unloading the specimen be-

ween 20% and 70% of the yield load calculated from the monotonic

est to obtain a hysteresis. The subsequent loading and unloading of the

pecimen were carried out for 5 cycles to obtain stability. One specimen

as tested under monotonic load and four specimens were tested under

yclic loading. 

.3. X-ray computed tomography 

One compression test sample for each configuration was subjected

o μCT scanning using a metrological μCT system (Nikon Metrology

CT225), characterized by micro-focus X-ray tube, 16-bit detector with

000 ×2000 pixels, high-precision linear guideways and controlled cab-

net temperature at 20 ± 0.5 °C. The use of a metrological system was

referred to conventional μCT scanners in order to measure the sam-

les with higher dimensional accuracy [43] . 3D voxel-based models of

he scanned objects were reconstructed with voxel size equal to 8.3 μm.

fter the reconstruction and the determination of the surface by means

f the local-adaptive algorithm implemented in the analysis and visu-

lization software VG Studio MAX 3.2 (Volume Graphics GmbH, Ger-

any), a high-density point cloud of the surface was extracted for FE

odeling (see Section 2.4 ). The voxel-based models were also used to

ompute and visualize the variation in the strut thickness values from

he as-designed values, using the ‘Wall-thickness analysis’ module of VG

tudio MAX 3.2. 

.4. Finite element modeling 

The finite element analysis was carried out for as-designed structures

btained from the initial CAD models. For as-built structures, the point

louds generated from μCT data were used to generate STL files. The

TL files were then converted to 3D solid mesh models using the ‘shrink

rap’ option in Hypermesh R ○ (Altair), as explained in Section 2.4.1. FE

nalysis under elastic-plastic regime under tensile loading condition was

erformed as explained in Section 2.4.2. 

.4.1. Conversion of STL to solid mesh 

To convert the point clouds extracted from the CT scans to 3D solid

esh files, MeshLab R ○ and Hypermesh R ○ (Altair) were used. Initially, the

ighly dense point cloud was subjected to down sampling using Mesh-

ab. This point was converted into a surface mesh (STL file) using trian-

ular elements. Down sampling was carefully chosen as to not lose the

ost relevant geometrical details. The ‘shrink wrap option’ (tight wrap)

f Hypermesh was used to obtain the 3D mesh file starting from the STL

le. Fig. 3 shows the step-by-step transformation of point cloud into 3D

esh. Since the analysis of the complete model is not feasible due to the

omputational constraints, representative volume elements(RVE) mod-

ls shown in Fig. 4 was used. The size of the RVE for cubic regular
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Fig. 3. Conversion of point could to 3D solid mesh. 

Fig. 4. 3D FE models from point clouds: (a) cubic regular, (b) cubic irregular and (c) trabecular. 
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tructures was selected to have 5 unit cells in each direction

28 , 44] ,while the size of the RVE for cubic irregular and trabecular was

rom the literature of foam based structures [45 , 46] . The RVE was se-

ected to have at least 4–6 junctions in all the directions. The size of

he RVE considered for the study was also limited by the computational

imitations of the computer for the elastic-plastic analysis. For analysis

f as-designed CAD structure, full scale STL file of tensile sample was

onverted into 3D CAD model. 10-noded tetrahedron elements with the

lement size ranging from 20 to 80 μm were used for 3D meshing de-

ending on the convergence analysis and the computational capacity

f the computer. The number of elements in the considered FE models

both RVE and full scale as-designed CAD) vary between from 800,000

o 1,500,000 depending on the model. 

.4.2. Elastic-plastic loading 

To replicate the mechanical test, FE analysis was carried out on

he μCT reconstructed models, under tensile load for monotonic con-

itions. 125-unit cells were considered for cubic regular samples, while

or irregular cubic and trabecular structures RVE models were used. A

isplacement-based analysis was carried out by fixing the bottom sur-

ace in all the directions and lateral displacements was applied on the

op surface. Displacement values were obtained from the experiments

until yielding of the specimens). The stress was calculated by divid-

ng the reaction to the applied displacement and the nominal area of

he FE model. Multilinear isotropic material model (MISO) in ANSYS R ○

as used as the material input for FE analysis. The elastic and plastic

roperties required from the material modeling was obtained from the

ensile testing of the bulk specimen manufactured using the same LB-

BF process. A Young’s modulus of 109 GPa and the plastic region from

he MISO curve was obtained from the stress-strain curves are provided

n the following reference [28] . 
. Results and discussion 

.1. Microstructure 

The microstructure of AM manufactured Ti6Al4V alloy consists of

cicular 𝛼′ martensite in the as-built condition. This is formed due to the

apid cooling during the LB-PBF process and the size of these martensite

epends on the LB-PBF process parameters [47] . The heat treatment pro-

ess on the as-built structures transforms of this 𝛼’ martensitic phase to a

ore stable needle like 𝛼+ 𝛽 lamellar phase [24] as shown in Fig. 5 . The

icrostructure on the side parallel to the printing direction shown in

ig. 5 (a), the 𝛼+ 𝛽 grains are thicker and oriented along the printing di-

ection in certain locations. The microstructure was fine and completely

andom in the plane perpendicular to printing directions. 

.2. Porosity and morphological analysis 

The 𝜇CT analysis of the samples was used to obtain quantitative in-

ormation on strut thickness, strut variations, disconnected struts, and

verall porosity. Fig. 6 (a) shows an example of strut thickness variation

n the lateral plane of the scanned cubic regular sample. It can be seen

hat the vertical struts have uniform thickness compared to horizontal

truts, which exhibit strut waviness that include varying thickness and

enter offset. The cause of high strut waviness in horizontal struts is

elated to the fact that during the LB-PBF process the first few layers

f horizontal struts are built on loosen powder and lack support: these

oosen particles below the first layer is melted partially by the laser

eading to an excess of molten material on unsupported surfaces. Simi-

ar results were obtained also for the other cross-sections (both lateral

nd transverse planes) and for all the analyzed samples. Fig. 6 (b–d) indi-

ates the distribution of the strut thickness values in the all the samples.

aximum surface area has a strut thickness in the range of 300–400 μm,

eviating from the designed strut thickness value of 200 μm. 
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Fig. 5. Microstructure of cellular materials after heat treatment: (a) parallel to the printing direction and (b) perpendicular to the printing direction. 

Table 1 

Summary of porosity of structures. 

Sample Designed porosity (%) Measured porosity (%) Dry weight method μCT model cellular 

porosity (%) 
Compression sample Tensile sample Compression sample Tensile sample 

Cubic Regular 90 87 76 ± 0.15 70 ± 0.34 74 

Cubic Irregular 88 85 71 ± 0.21 65 ± 0.20 70 

Trabecular 85 81 70 ± 0.32 69 ± 0.24 73 
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The normalized center offset gives a direct correlation to the irreg-

larities of the struts. Fig. 6 (e) shows the overlapping between the as-

esigned struts and as-built struts. It is clearly visible that not only there

as a thickness variation but also an offset in the center which led to

aviness in the struts. The normalized offset was calculated by taking

he difference in the center of the as-designed model and the as-built

ircumference and dividing it by the nominal thickness/CAD thickness.

he struts in all the structures were categorized as horizontal, vertical

nd inclined to printing plane. The plot shown in Fig. 6 (f) indicates that

orizontal struts (parallel to printing plane) had the highest normalized

ffset with a wide distribution, confirming the effect of unsupported

urfaces. Vertical struts (perpendicular to printing plane) had the nor-

alized offset in the range of 0–20% and a narrow distribution. The

nclined struts had the offset and the distribution between the horizon-

al and vertical values. Similar results for vertical and horizontal struts

ave been discussed by Dallago et al., [29] . 

The porosity values tabulated in Table 1 are obtained from two

ifferent methods; dry weight method and μCT as discussed in

ections 2.2 and 2.3 respectively. A considerable difference is seen in

he designed and measured porosity of the samples. A deviation in the

ange of 15–23% was observed when comparing the designed porosity

nd porosity from dry weight method. The deviation was slightly on

he higher side for tensile samples compared to compression samples

ue to the presence of transition. As mentioned earlier, the increase

n the thickness values proportionally decreases the porosity. Similar

esults of variation in thickness values from designed values were dis-

ussed by Parthasarathy et al., for samples manufactured using EBM

rocess [49] and Dallago et al., for cubic samples manufactured using

B-PBF process [50] . LB-PBF process parameters such as laser power

nd layer thickness play a major role in the geometrical deviation of

truts. Qiu et.al., concluded that increasing the laser power increased

he strut thickness, while increasing the scanning speed decreased the

trut thickness in AlSi10Mg cellular structures, thus varying the porosity

f the samples [26] . 

.3. Compression and tensile test 

The stress-strain curves are as shown in Fig. 7 . One specimen was

ested in monotonic loading and four specimens under cyclic loading.

he yield load from monotonic tests were used for cyclic loading as
iscussed in Table 3 The samples were tested until a failure of struts

ere observed under monotonic load. 

The tensile stress-strain curves are as shown in Fig. 7 (a). It was ob-

erved that cubic regular structures failed drastically. Conversely, cubic

rregular and trabecular structures undergo elongation even after an ini-

ial decrease in the stress due to strut failure. Additionally, the stress-

train curves of compression test are as shown in Fig. 7 (c). The graphs

ndicate that the cubic regular structures do not exhibit any plateau re-

ion and fail at very low strain values of ∼0.3. However, a clear plateau

egion was observed for cubic irregular and trabecular samples. The

ailure locations under compression are shown in Fig. 8 . The failure of

ubic regular samples is due to buckling of single row of struts. In cu-

ic irregular structures the failure appears like a shear band, while in

rabecular structures it leads to a non-simultaneous compaction of strut

ayers. These structures appear to be more resilient that cubic regular

tructures. 

The cyclic test graphs are as shown in Fig. 7 (b) and (d). Accord-

ng to Gibson et al. [21] , the Young’s modulus of the cellular struc-

ures shall be calculated from the unloading cycle. It was evident that

here was a difference in slope between the first loading cycle and the

ext consecutive cycles. A perfect overlap of the curve was seen for cu-

ic regular under tensile load. The compression test graphs shown in

ig. 7 (d) suggest that the loading curve is not linear for any of the sam-

les and a stability is reached from the unloading cycle. The modulus

s obtained from the curve where the overlap is observed. The Young’s

odulus values tabulated in Table 2 clearly indicates the difference in

he monotonic and cyclic Young’s modulus. For cubic regular samples,

he difference in Young’s moduli measured in monotonic and cyclic is

ower, for both compression and tensile. However, when comparing the

onotonic and cyclic Young’s moduli for cubic irregular and trabecu-

ar samples the following observations were made. Under compression

oad, the Young’s modulus observed in monotonic test is approximately

alf of the Young’s modulus observed in cyclic loading. Under tensile

oading, the difference between the Young’s moduli in monotonic and

yclic test was prominent but was not drastic. This indicates that the

tabilization of the sample is achieved early in tensile test compared to

ompression test, where the stabilization is achieved after first unload-

ng cycle. Therefore, Young’s modulus from cyclic test is used in fur-

her discussion. When comparing the cyclic Young’s modulus between

nd compression and tensile loading, approximately 27% increase in the

odulus was observed in tensile test when compared to compression test
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Fig. 6. 𝜇CT evaluation of thickness variation: (a) example of strut thickness variation shown on a cross-section of the scanned cubic regular sample; (b–d) strut 

thickness distribution in cubic regular, cubic irregular, trabecular structure, respectively (red peaks to the left are related to the complex topography of the surfaces 

as explained by Zanini et al. [48] , and should not be considered); (e) strut cross-section circumferences overlapping as-designed CAD and (f) normalized center offset 

for different struts. 

Table 2 

Summary of Young’s modulus. 

Sample Porosity (%) Tensile Young’s modulus (GPa) Compression Young’s modulus (GPa) 

Compression sample Tensile sample Monotonic Cyclic Monotonic Cyclic 

Cubic Regular 76 ± 0.15 70 ± 0.34 16.31 15.42 ± 0.17 13.43 11.29 ± 1.24 

Cubic Irregular 71 ± 0.21 65 ± 0.20 11.82 9.61 ± 0.33 3.74 6.97 ± 0.66 

Trabecular 70 ± 0.32 69 ± 0.24 7.34 6.61 ± 0.37 2.82 6.39 ± 0.39 
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Fig. 7. Stress–strain curve (a), tensile monotonic, (b) tensile cyclic, (c) compression monotonic and (d) compression cyclic. 

Fig. 8. Failure locations for (a) cubic regular, (b) cubic irregular and (c) trabecular. 

Table 3 

Summary of strength values. 

Sample Porosity (%) 0.2% Offset yield strength (MPa) Maximum strength (MPa) 

Compression sample Tensile sample Tensile Compression Tensile Compression 

Cubic Regular 76 ± 0.15 70 ± 0.34 100 111 108 126 

Cubic Irregular 71 ± 0.21 65 ± 0.20 76 71 81 95 

Trabecular 70 ± 0.32 69 ± 0.24 56 55 68 85 

f  

b  

t  

i  

e

 

T  

l  

s  

f  

t  

i  

[  

e  
or cubic regular and cubic irregular samples. However, this difference

etween compression and tensile cyclic Young’s modulus was 3% for

rabecular samples. This discrepancy is due to the presence of transition

n tensile samples as explained before. Gibson–Ashby model is used to

xplain this difference in the next section. 

The strength values from the monotonic tests are tabulated in

able 3 . The 0.2% yield strength of the samples is similar under both
oading conditions, but the maximum strength was higher in compres-

ion compared to tensile loading. The reason is probably related to dif-

erence in the failure mechanism: In tensile loading, the failure is due

o the elongation of struts and crack propagation while in compression

t is due to the crushing or buckling depending on the cell topology

4] . Comparing the stress-strain curves of different topologies consid-

red, the trabecular samples had the lowest strength and stiffness. How-
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Fig. 9. (a) Porosity comparison of CAD as-designed, as-built and μCT models; stress-strain curves comparison of (b) cubic regular, (c) cubic irregular and (d) 

trabecular samples. 

Table 4 

Comparison of Young’s modulus. 

Sample Porosity Tensile Young’s modulus (GPa) Error in Young’s modulus(%) 

CAD Experimental μCT CAD Experimental μCT CAD μCT 

Monotonic Cyclic 

Cubic 

Regular 

87 70 ± 0.34 74 5.00 16.31 15.42 ± 0.17 13.56 68 14 

Cubic 

Irregular 

85 65 ± 0.20 70 3.52 11.82 9.61 ± 0.33 9.13 63 5 

Trabecular 81 69 ± 0.24 73 3.19 7.34 6.61 ± 0.37 6.72 52 2 

Table 5 

Comparison of 0.2% offset yield strength. 

Sample Porosity Tensile – 0.2% offset yield strength (MPa) Error in offset yield strength (%) 

CAD Experimental μCT CAD Experimental 

Monotonic 

μCT CAD μCT 

Cubic 

Regular 

87 70 ± 0.34 74 22 100 86 78 14 

Cubic 

Irregular 

85 65 ± 0.20 70 20 76 60 74 21 

Trabecular 81 69 ± 0.24 73 26 56 55 54 2 

e  

s  

c  

t  

c  

t

 

b  

r  

o  

e

ver, the longer plateau observed for trabecular specimens is beneficial,

ince the failure is not drastic under compression or under tension, when

ompared to the highly stiff cubic regular specimens. Nevertheless, a de-

ailed study on the fatigue behavior of trabecular specimens and their

omparison with the other unit cell configurations are under considera-

ion for future studies. 
The results indicate that the tensile testing has the least difference

etween the monotonic and cyclic test, therefore tensile test is more

eliable in obtaining the Young’s modulus. For this reason, the FE model

btained by 𝜇CT scan is subjected to tensile test and compared with the

xperimental data in the next section. 
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Fig. 10. Tensile loading fracture locations in FE analysis of CAD as-designed and experimental for (a, b) cubic irregular, (c, d) cubic regular and (e, f) trabecular 

samples. 

3
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C  
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C  
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t  
.4. FE analysis: comparison of tensile experimental and μCT 

The finite element modeling of the structures was done as mentioned

n the Section 2.3 . Previous studies have shown that the porosity of cellu-

ar materials play a major role in mechanical properties [15 , 51] . There-

ore, the porosity of the μCT models is compared with the as-designed
AD models and experimental samples, shown in Fig. 9 (a) and tabulated

n Tables 4 and 5 . The graph indicates that the as-designed compression

AD model had the highest porosity followed by as-designed tensile

AD model. The same trend is seen for experimental samples. But this

ifference is the least for trabecular samples since the transition part in

ensile samples was infused into the grips during the printing process.
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Fig. 11. Plastic strain in μCTmodels under tensile loading for (a) cubic irregular, (b) cubic regular and (c) trabecular samples. 

Fig. 12. (a) Relative Young’s modulus with power law fitting (b) Relative Young’s modulus in comparison with ideal stretching and bending dominated behavior 

using a linear fit with fixed slope values of 1 and 2. 
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Y  

p  
omparing the porosity of the as-designed CAD models with μCT mod-

ls, the porosity of μCT models is higher than the as-deigned tensile CAD

odel and lower than the as-designed compression CAD model. 

As explained in the Section 2 , the FE models from as-designed tensile

AD and μCT were subjected to only tensile loading until a point little

eyond the yielding point obtained from the experiment. The stress-

train curve obtained from FE models is compared with the experimental

urves as shown in Fig. 9 . The Young’s moduli of all the models are tabu-

ated in Table 4 , along with their respective porosity values. The results

ndicate a clear increase in the stiffness with decrease in the porosity.

omparing the experimental curves and the CAD as-designed curves, a

onsiderable difference is observed. The 0.2% yield strength in experi-

ental samples is between 60 and 100 MPa while in CAD as-designed

tructures it is in the range of 20–30 MPa as indicated in Table 5. When

omparing the strength and stiffness values from experimental data and

E analysis of 𝜇CT (FEM tomography), a difference is observed as in-

icated by the stress-strain curves in Fig. 9 b–d and Tables 4 and 5 .

omparing the porosity values of cubic regular and cubic irregular con-

guration of 𝜇CT FE models and the experimental specimen, approxi-

ately 5% decrease in porosity is observed for experimental specimens

hich increases their stiffness and the yield strength. Therefore, the

oung’s modulus and the yield strength of 𝜇CT FE model tabulated in

ables 4 and 5 is lesser than the experimental values. Furthermore, when

omparing the experimental and 𝜇CT FE model values for trabecular we

ee a clear overlap of the stress-strain curve despite the difference in the

orosity. This is due to the random distribution of the struts and depends

n the location of the selected RVE. Also, the analysis was carried out us-

ng a Multi-linear isotropic material model (MISO) discussed in section,

he use of material data from bulk specimen may have a slight impact
n the difference between the 𝜇CT FE model and the experimental data

ut the major contribution is due to the difference in the porosity. 

The plastic strain in the CAD as-designed models is used to predict

he fracture locations in the structures as shown in Fig. 10 . The fail-

re band is at the upper region for the cubic irregular structures and

s a combination of failure at junctions and at the struts. In cubic reg-

lar samples, the failure occurs exactly at the center of the strut away

rom the junctions in a cup and cone fashion. In trabecular structures,

he failure is mostly at the junctions is randomly distributed across the

ample. Comparing the FE prediction with experimental results, the fail-

re occurs at the same location despite the decrease in the difference in

orosity between as-designed and as-built porosity. Fig. 11 indicates the

ailure locations of the RVE models of μCT. In these models as well, the

ailure in cubic irregular samples was at the junctions and at struts mid-

ections. The cubic regular samples showed failure at the mid-section

f the struts while in trabecular structures the failure was primarily ob-

erved at the junctions. 

In the next section, the behavior of the structures is predicted using

he Gibson–Ashby model by considering the Young’s modulus from ex-

erimental (tensile and compression), CAD as-designed structures (ten-

ile and compression) and μCT structures (tensile). 

.5. Gibson–Ashby model 

The Gibson–Ashby model is one of the most widely used model for

ellular and lattice structures. The model expresses different proper-

ies as a function of relative density [21] . The Gibson–Ashby model for

oung’s modulus is as shown in equation below. The coefficient C and

ower n is highly dependent on the cell topology. For stretching domi-
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Table 6 

Co-efficients of Gibson–Ashby model. 

Sample C n R 2 

Cubic Regular 0.62 1.21 0.98 

Cubic Irregular 0.37 1.33 0.94 

Trabecular 0.36 1.45 0.9 

n
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ated structures n = 1 and for bending dominated n = 2 [21] . 

𝐸 

𝐸 𝑆 

= 𝐶 

( 

𝜌

𝜌𝑆 

) 𝑛 

(1)

The variation of the relative Young’s modulus with the relative den-

ity for all the samples is as shown in Fig. 12 . The value of C and n form

s calculated by fitting the curve using power law used in Fig. 12 (a) and

onstants are tabulated in Table 6 . 

To better visualize the behavior of the samples, a log-log graph is

lotted as shown in Fig. 12 (b) Two linear fitting lines are used with

 slope = 1 for ideal stretching dominated behavior and slope = 2 for

deal bending dominated behavior. It can be observed that the cubic

egular structures are close to stretching dominated behavior. The cu-

ic irregular and trabecular represent bending dominated. The points do

ot exactly coincide with the fitted line, several studies have concluded

hat the residual stresses from the LB-PBF process [52] , error in calcu-

ating the relative density since loose particles do not contribute to the

echanical performance [53] , and variation in the strut geometry [54] .

owever, the R 

2 values from the power law indicate that the considered

opologies follow the Gibson – Ashby prediction considerably well. 

. Conclusion 

In this study, three cell topologies were considered: cubic regular,

ubic irregular and trabecular. The samples were designed to have all

he same strut thickness of 200 μm and pore size of 1500 μm. LB-PBF

anufacturing technique was employed by using Ti6Al4V alloy pow-

er. The samples were subjected to tensile and compression testing un-

er monotonic and cyclic conditions to study their mechanical response.

ne sample in each batch was subjected to 𝜇CT scan to study the mor-

hological deviation of as-built samples and to reconstruct the actual

eometry for FE analysis. The experimental results were compared with

he FE results. The effect of relative density and cell topology is val-

dated using the Gibson–Ashby model by considering the as-built and

s-designed structures. The results from the study led to the following

onclusions: 

• A significant difference was observed between the as-designed and

the as-built samples. The cubic regular samples had the least de-

viation. This is due to the well-established geometry and the strut

orientation. Processing parameters and the orientation of the strut

play a major role in the geometrical deviation and strut defects in

the samples, which further impact on their mechanical response. 
• The morphological analysis from the 𝜇CT scans indicate that the

maximum surface area had a thickness in the range of 300–400 μm,

while the designed thickness was 200 μm. In addition, struts parallel

to the printing plane displayed higher deviation due to the effect of

melt pool on unsupported surfaces. 
• The monotonic and cyclic test indicated that increasing the irregu-

larity in the structure decreased the Young’s modulus and strength

of the samples. The Young’s moduli obtained from the cyclic tests

were more consistent in both the loading conditions. 
• The cyclic test indicate that the tensile samples are more stable com-

pared to compression samples for Young’s modulus measurement.

However, the presence of transition in the tensile samples increased

the Young’s modulus under tensile loading compared to the com-

pression loading as reported. 
• Stress-strain curves derived from the μCT model better represent the

experimental results compared to the as-designed structures. Never-

theless, for the accurate prediction of the experimental results, com-

plete reconstruction of the entire tensile sample with the transition

is necessary. 
• Regardless of the difference in the porosity of the as-designed and

as-built structures, the fracture location of the FE analysis matches

with the experimental location. 
• The Young’s modulus obtained from the FE analyses and experiments

from both the as-built and as-designed structures were used to study

the effect of relative density. The Gibson–Ashby model is used to

study the behavior, which indicates that the cubic regular samples

were stretching dominated, while the cubic irregular and trabecular

samples were bending dominated. 
• The displacement of the nodes in the cubic irregular samples had

a greater impact in converting the stretching dominated behavior

of cubic regular samples to bending dominated. Cubic irregular has

higher stiffness and strength while compared to trabecular but have

similar bending dominated behavior. The stiffness values reported

for all the topologies are in the range of the bone stiffness and can

be considered for implant design. 
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