
Araştırma Makale/ Research Article  

 

 

 

 

 

 

 

 

 

        URL: https://dergipark.org.tr/ij3dptdi 

 

   

 

 

      

 

ADDITIVELY MANUFACTURED Ti6Al4V LATTICE 
STRUCTURES FOR BIOMEDICAL APPLICATIONS  
 

 

Yazarlar (Authors): Doruk Gürkan , Binnur Sağbaş * 
 
 

 
 

DOI: 10.46519/ij3dptdi.953315 
 

Bu makaleye şu şekilde atıfta bulunabilirsiniz (To cite to this article): Gürkan D., 
Sağbaş B. “Additively Manufactured Ti6Al4V Lattice Structures for Biomedical 
Applications” Int. J. of 3D Printing Tech. Dig. Ind., 5(2): 155-163, (2021).    
 

Erişim Linki: (To link to this article): https://dergipark.org.tr/en/pub/ij3dptdi/archive 
 

 

https://dergipark.org.tr/ij3dptdi
https://orcid.org/0000-0001-8507-8592
https://orcid.org/0000-0002-4491-0490
https://dergipark.org.tr/en/pub/ij3dptdi/archive


 
 

155 
 

ADDITIVELY MANUFACTURED Ti6Al4V LATTICE STRUCTURES 

FOR BIOMEDICAL APPLICATIONS 

 
Doruk Gürkana , Binnur Sağbaşa * 

 

aYıldız Technical University, Faculty of Mechanical Engineering, Mechanical Engineering Department, 

ISTANBUL, TURKEY 

 
* Corresponding Author: bsagbas@gmail.com  

 

(Received: 16.06.2021; Revised: 26.07.2021; Accepted: 04.08.2021) 

 

 

ABSTRACT 
Additive Manufacturing (AM) is a rapidly developing technology which provides opportunity to build 

up complex geometries due to the freedom of manufacturing. Lattice structures, three-dimensional open-

celled structures composed of one or more repeating unit cells, can be produced with unique mechanical, 

thermal, acoustic, biomedical and electrical properties by optimization of type and dimension of unit 

cell and additive manufacturing parameters. Lattice structures provide lightweight and porous parts 

which are widely preferable in biomedical applications. Different type of lattice structures have been 

used for obtaining bone like implant surface to accelerate osseointegration. There are many studies in 

this field, but the ideal designs and dimensional accuracy of the various lattice structures for biomedical 

field have not been completely reached. In this study, octahedral, star and dodecahedron lattice structures 

with thin strut diameter were manufactured by laser powder bed fusion technology (LPBF) by Ti6Al4V 

powder. Cubic and plate samples were built on z-direction and their top and side surfaces were inspected 

in terms of topographical characteristics and dimensional accuracy by scanning electron microscope. 

Dimensional accuracy has been found to tend to shrinkage behavior for all lattice structures. The best 

dimensional accuracy was obtained from octahedral lattice structure comparing with strut diameters. 

 

Keywords: Additive Manufacturing. Lattice Structures. Powder Bed Fusion. Ti6Al4V.Orthopedic 

Prosthesis 

 

 

1. INTRODUCTION 
Cellular solids can be grouped as closed-cell foam, open-cell foam, honeycomb and lattice structures. 

Lattice structures are porous structure form by the arrangement of unit cells making up of struts 

connecting between two nodes which are rigidly bonded. This affects the useful performance of the 

building such as mechanical, thermal, acoustic, electrical, biomedical, etc. Lattice structures gives the 

opportunity of high or lower rigidity, durability, strength, energy absorption rate and thermal protection 

due to the lattice parameters and lattice topology. Therefore these topologies fulfill lightweight structure 

and multifunctional requirements for most engineering and biomedical applications [1]. 

 

Numerous types of lattice structures are introduced and the basic step in manufacturing lattice structures 

is building of unit cells in coordinate plane (xyz) [2]. Lattice material is mainly dependent on its internal 

architecture, relative density, properties of alloy material, strut diameter and length, unit cell geometry, 

unit cell dimensions and rate of loading. Configuration of struts, strut diameter/length and unit cell 

orientation with angular aspect lead different lattice geometries with different material properties. Thus, 

the mechanical properties of lattice structures can be adapted for particular applications for especially 

biomedical area [3]. It is possible to produce lattice topologies with struts diameter ranging from 

submicron to millimeter which would permit the production of functional lattice structures based on 

usage and geometrical requirements for each specific application via rapid development in 

manufacturing technology and the emergence of additive manufacturing (AM) such as laser powder bed 

fusion manufacturing [4]. It is not possible with conventional manufacturing technologies or less 

efficient with them compared to AM technologies. 
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Lattice structures can be classified in various ways such as random or periodic, 2D or 3D, open or closed, 

homogeneous or heterogeneous [5]. The most specific types are strut-based and triply periodic minimal 

surfaces (TPMS). Strut-based lattices have the unit cells which are composed of a set of strut beams 

interconnected with each other in points. TPMS topologies have porous and zero mean curvature of the 

surface. Their topologies are formed by some mathematical equations [6]. Some unit cell lattice 

structures are shown in Figure 1 (1x1x1 mm, xyz). 

 

 
 

Figure 1.  Some lattice structures as a unit cell (1x1x1 mm, xyz). 
 

AM allows creation of very complex shapes as opposed to the conventional methods of subtractive 

manufacturing and provides almost unchallenged freedom of design [7]. Ti6Al4V is an alloy that has 

widespread application in the engineering, surgical and biomedical industries and has become a 

reference metallic material in ASTM standards due to its unique mechanical and biocompatible 

properties [8]. Ti6Al4V has high corrosion resistance, high strength and biocompatibility combined with 

low density and thermal conductivity [9]. These properties are suitable for biomedical applications. 

Many studies have focused on optimizing the additive manufacturing to produce dense Ti6Al4V parts, 

but recently great emphasis has been placed on producing low density Ti6Al4V lattice structures for 

engineering and biomedical applications because of its bearings and multifunctional properties such as 

bone implant usage [10]. The most challenging phenomenon in bone implant implementation is issue of 

stress shielding effect (elastic modulus miss-match phenomenon between Ti implant and the bone tissue) 

[11]. Stress shielding causes to implant failure and this phenomenon is occurred due to replacing 

damaged bone tissues of low elastic modulus with dense Ti6Al4V alloy which has a high elastic modulus 

(110 GPa). Biometric structures such as lattice structures of low elastic modulus (7.7 – 21.8 GPa) are 

suitable to resolve the mismatching problem. The alternative of lattice structure depends on the desired 

purpose e.g. bone implants, femoral stems, dental implants, bone tissues, etc. AM technology leads to 

produce porous structures and it is crucial for bone regeneration for biomedical implants. Porous 

structures also help to resolve stress shielding effect [12].  

 

Recently, porous and lattice structures have been commonly used in biomedical applications. AM 

technologies ensure high porosity which can enhance osseointegration, ease bone ingrowth and 

regeneration and stability over lattice structures. Arabnejad et al. [13] reported that Ti6Al4V porous 

implants could give advantage in bone ingrowth of up to 56%. Pobloth et al. [14] revealed that bone 

regeneration of porous Ti scaffolds could be enhanced with low stiffness via animal study. Wally et al. 

[15] produced graded porous Ti6Al4V lattice structures for dental applications. Tu et al. [16] reported 

that usage of bioactive porous dental implant and evaluation of its osseointegration using in vivo tests. 

Geometrical and topological parameters of lattice structures such as relative density, pore size and 

connectivity are key factors for the design of biomedical implants with acceptable biological and 

mechanical properties [17]. Ti6Al4V lattice topologies allow low effective elastic modulus closer to the 

human bone in structure. Even though smaller pore size distribution such as 300–400 μm range has been 

reported to be more appropriate than bigger pore size distribution such as 400–500 μm and 500–700 μm 

range for bone cell adhesion and proliferation [18, 19]. Inadequate lattice parameters can affect the 

surface texture and final output. Moreover, build orientation can affect gas hole formation and fusion 

defects in structure and these cause the inner defect formation [20]. In addition, the heat flow efficiency 
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during the manufacturing stage causes to promote a better surface texture at lower angles [21]. Yan et 

al. [22] designed SLM isotropic Ti6Al4V ELI octahedral lattice structures in their study and then 

investigated their use for human bone implant applications. Ahmadi et al. [23] studied mechanical 

properties of diamond lattice structures. Lattice mechanical properties of structure was affected with 

build orientation. It was reported that the horizontal struts of lattice structures had the worst dimensional 

accuracy and internal porosity quality. This situation caused poor mechanical properties. Some authors 

focused on topographic analysis on lattice structures. Calignano et al. [24] had demonstrated that the 

.STL file had an influence on the dimensional accuracy. Delago et al. [25] showed notable variance 

between CAD models and SLM produced geometry. Some part of samples had additional material in 

lattice structure and insufficient of material in others. Kadirgama et al. [26] showed that volume of lattice 

structures which they produced were expanded by 2.9% comparing to original CAD data. 

 

In this paper, the feasibility of manufacturing of star, dodecahedron and octahedral lattice structures, 

with thin strut diameter by laser powder bed fusion technology, was searched for biomedical 

applications. Ti6Al4V samples were manufactured in cube and plate form. Topographical and 

dimensional analysis on top and side surfaces of the samples were applied and the results were compared 

between three different lattice structures. 

 

2. MATERIALS AND METHODS 
Gas atomized, Ti6Al4 powder (EOS, EOS GmbH, Germany) was used as the feedstock material for 

building up samples. The chemical composition of the Ti6Al4V alloy powder was listed in Table 2. The 

Ti6Al4V samples were manufactured by EOS M280 system (EOS GmbH, Germany). The process 

parameters, used for manufacturing the samples were as follows: 150 W laser power, 1250 mm/s 

scanning speed, 60 μm layer thickness and 40 μm hatch distance. 
 

Table 1. The chemical composition of the used Ti6Al4V powder (EOS) [27]. 

Ti (%) Al (%) V (%) Fe (%) O (%) N (%) C (%) H (%) Y (%) 

88 6.75 4.5 0.3 0.2 0.05 0.08 0.015 0.05 

 

The design of lattice structures were achieved using Siemens NX version 12.0 (Siemens AG, Germany). 

Star, dodecahedron and octahedral lattice structures were manufactured as 0.25 mm strut diameter. Unit 

cell dimension was chosen as 1.25x1.25x1 mm (xyz) as can be seen in Figure 2. All cubic samples were 

manufactured as 10x10x10 mm like as a compression test samples according to ISO 13314 [28]. Plate 

samples were manufactured in 8x10x2 mm. Both samples were built on z-direction. A 2 mm support 

structure was used to carry out the sample fabrication and to ensure the separation of samples from the 

building plate without damaging the lattice structures. The parts were separated from the support 

structures by wire erosion method. In some SLM systems such structures are added to the part design in 

the production of strut-based lattice structures. The fact that the curved cell surface is not in the selected 

strut-based structures that this situation is necessary [29, 30]. In addition, the lattice samples are 

prevented from deformation via touching the building platform in this way. 
 

 
              (a)                                                      (b)                                             (c) 

Figure 2. Unit cells; (a) dodecahedron, (b) octahedral and (c) star. Unit cell size and strut diameter were chosen 

as 1.25x1.25x1 mm (xyz) and 0.25 mm. 
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Topographic analysis on top and side surfaces of the samples were applied by Zeiss EVO LS 10 (Zeiss, 

UK) scanning electron microscope (SEM) by secondary electron detector with different magnifications. 

Dimensional measurements were taken from different regions of the surfaces and their mean values were 

reported.   

 

 

3. RESULTS AND DISCUSSION 

Manufactured samples with their support structures can be seen in Figure 3. The non-stochastic 

configuration that caused any problems was not seen during production. 

 

    
Figure 3. Manufactured parts on building platform (left, cubic samples; right, plate samples). 

 

Topographical measurements were taken from top and side surfaces which were represented in Figure 

4. Top surface measurements were taken from top surface of the cubic samples while side surface 

measurements were taken from plate samples as shown in Figure 4. At least 5 measuring points were 

selected on different regions of surfaces for all selected lattice parameter values. 

 

    
(a)                                                                          (b) 

Figure 4. Measurement obtained method from lattice samples (a) cubic (b) plate. 

 

SEM images of the octahedral lattice structure sample can be seen in Figure 5 on which measured 

dimensions of the lattice structure were indicated. t represents dimension of lattice pores and d represents 

strut diameter. To define mean value of the dimensions, measurements were taken from different region 

of the surfaces. Nominal dimensions (n), defined in CAD model and the mean values (m) of measured 

results were reported in Table 2. It was clear from the results that negative deviation of the pore size was 

recorded on side surface while positive deviations were recorded for strut diameters of both surfaces.  
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                                (a)                                                                                   (b) 

Figure 5. Octahedral lattice structure (a) top surface (b) side surface. 

 

Table 2. Octahedral lattice structure dimension data 

Octahedral tn (mm) tm (mm) 
Deviation 

(mm) 
dn (mm) 

dm 

(mm) 

Deviation 

(mm) 

Top surface 1 1.0285 +0.0285 0.25 0.2679 +0.0179 

Side surface 1 0.9557 -0.0443 0.25 0.2698 +0.0178 

tn: nominal dimension of t value, tm: mean value of measured t, dn: nominal dimension of d value, dm: mean value of 

measured d. 

 

SEM images and measurement results of the star lattice structure can be seen in Figure 6 and Table 3 

respectively. u and v represent lattice pore length and width respectively and e represents vertical 

distance of outer pore edges. Although negative deviations were measured for both surfaces, except 

lattice pore width, values of these deviations were higher on side surface than top surface.  
 

   
                                (a)                                                                                  (b) 

Figure 6. Star lattice structure (a) top surface (b) side surface. 

 

Table 3. Star lattice structure dimension data 

Star 
un 

(mm) 

um 

(mm) 

Deviation 

(mm) 

vn 

(mm) 

vm 

(mm) 

Deviation 

(mm) 

en  

(mm) 

em 

(mm) 

Deviatio

n (mm) 

Top 

surface 
0.9 0.8423 -0.0577 0.375 0.3792 +0.0042 

0.875 0.8313 -0,0437 

Side 

surface 
0.9 0.8329 -0.0671 0.375 0.3953 +0.0203 

0.875 0.8254 -0.0496 

un: nominal dimension of u value, um: mean value of measured u, vn: nominal dimension of v value, vm: mean value of 

measured v, en: nominal dimension of e value, em: mean value of measured e. 

 

SEM images and measurement results of the dodecahedron lattice structure can be seen in Figure 7 and 

Table 4 respectively. In this figure, d represents strut diameter where f represents unit cell diagonal 
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length and g represents nominal inner lattice pore diameter. Negative deviations were recorded for strut 

diameter on both surfaces like as unit cell diagonal length. Positive deviation were recorded for pore 

diameter on top surface while it was negative on side surface. 

 

   
                              (a)                                                                                    (b) 

Figure 7. Dodecahedron lattice structure (a) top surface (b) side surface. 

 

Table 4. Dodecahedron lattice structure dimension data 

Dodecahedron 

dn 

(mm) 

dm 

(mm) 

Deviation 

(mm) 

fn 

(mm) 

fm 

(mm) 

Deviation 

(mm) 

gn 

(mm) 

gm 

(mm) 

Deviation 

(mm) 

Top surface 0.25 0.2166 -0,0334 1 0.9327 -0.0673 0.2 0.2053 +0.0530 

Side surface 0.25 0.2234 -0.0266 1 0.9551 -0.0449 0.2 0.1735 -0.0265 

dn: nominal dimension of d value, dm: mean value of measured d, fn: nominal dimension of  f value, fm: mean value of 

measured f, gn: nominal dimension of g value, gm: mean value of measured g. 

 

Figure 8 shows remained powder particles on side surface of lattice structures. Side surfaces had more 

remain powder particles due to contact with the overhang during manufacturing process. This effect 

occurs layer-by-layer building. During manufacturing, powders are still sintered and heated every layer 

lay out and down layer of the struts leads to a dross formation on recent surface which decreases 

dimensional accuracy [31].  
 

   
               (a)                                                     (b)                                                      (c) 

Figure 8. Remain powder particles on (a) octahedral, (b) star and (c) dodecahedron lattice structures 

 

Topographic analysis showed that there were mostly shrinkage on lattice dimensions which may be 

related to lattice topology. From literature, it can be found that the dimensional accuracy of additive 

manufactured parts are affected from shrinkage as a dominant factor [32]. However studies about the 

prediction of shrinkage level is lacking in literature. It might said that various lattice topologies affect 

shrinkage ratio. In this study octahedral lattice structure had minimum shrinkage ratio according to 

experimental data.  
 

4. CONCLUSION 
Geometrical considerations such as strut diameter/thickness and unit cell size affect resulting lattice 

topology of the implant. This study reported dimensional deviations on top and side surfaces of three 
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different lattice structures such as octahedral, star and dodecahedron manufactured by laser powder bed 

fusion technology from Ti6Al4V powders. It can be concluded that, 

 

• Lattice structures with very low strut diameter can be successfully manufactured by SLM. 

• The top surfaces (parallel to building platform) had smoother and better finish compared to the 

side surfaces (normal to the building platform). Side surface had more remained powder 

particles due to contact with the overhang during manufacturing process. Remained powders 

hanged at near edges much more because of unmelted powder layers in SLM process. 

 

• Comparing with strut diameters, the best dimensional accuracy obtained from octahedral lattice 

structure. Latter was dodecahedron lattice structures. Star lattice structure values were less then 

these two samples. Top surface measurements showed that better dimensional accuracy was 

achieved than side surfaces. 

 

• Dimensions of lattice structures were found to be smaller than the nominal CAD values which 

may aroused by shrinkage of the material during solidification. 

  

• In further studies beside dimensional accuracy, mechanical strength and microstructural analysis 

will be applied on these lattice structures with different lattice parameters. 
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