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Abstract 

The ability to change the design parameters of metallic lattice structures provides 

the control to optimize the interconnected porosity size to promote osseointegration and 

manipulate stiffness values to mimic bone, ideal for minimizing stress shielding. These 

benefits have caused a widespread proliferation of 3D printed porous metallic scaffolds in 

orthopedic implants, specifically Laser Powder Bed Fusion (LPBF). Once implanted, these 

devices experience complex stress states under physiological loading. To design these 

structures to mimic the mechanical behavior of bone, their performance under these 

conditions must be understood. The characterization of 3D printed metallic lattice 

structuresô compressive mechanical properties is well established, but the mechanical 

behavior of these structures under additional loading conditions requires further 

exploration.   

This research aims to define a method for characterizing LPBF metallic lattice 

structuresô mechanical properties in various physiologically relevant loading conditions 

and determine the stress stateôs pure impact on the design parameters of metallic lattice 

structures to optimize the design process for practical applications. To achieve this goal, 

Ti6Al4V and Co28Cr6Mo metallic lattice structures were fabricated via LPBF, and 

monotonic tensile, compressive, compressive shear, and torsion testing was conducted to 

determine the mechanical behavior. The findings showed that sample geometry and test 

setup significantly impacted the mechanical properties of metallic lattice structures, which 

led to the design of a universal sample geometry that enabled the utilization of a single 

sample for tensile, compressive, and torsional testing. The impact of the stress stateôs effect 
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on sheet-based, strut-based, stochastic, and functionally graded metallic lattice structures 

was characterized.  
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1. Introduction  

1.1 Motivation 

The use of metal was adopted for load-bearing orthopedic applications over a 

century ago[1]. Since their implementation, these commercially available implants have 

been primarily solid metal, typically manufactured with titanium, cobalt, and stainless-steel 

alloys[1ï3]. While these materials have gained popularity because of their biocompatibility 

and corrosion resistance, the mechanical properties are still so dissimilar to the native bone 

that the issue of stress shielding is prevalent[1ï8]. The stress shielding phenomenon causes 

the peri-prosthetic bone to resorb because of a lack of load distribution throughout the 

native tissue[9,10]. The implant should mimic the native tissueôs properties as closely as 

possible to avoid this issue[6,11]. Thanks to technological advances in additive 

manufacturing (AM), also known as 3D printing,  particularly laser powder bed fusion 

(LPBF) and computer-aided design (CAD), it is possible to utilize these same materials to 

fabricate complex porous lattice structures[5,12,13] These complex structures allow the 

manipulation of mechanical properties while still taking advantage of their excellent bulk 

material biocompatible characteristics[6,12,14] 

Lattice structures are starting to appear in commercial load-bearing implants, but 

the optimization has not occurred because of their novelty[15,16]. To optimize the design 

of these lattice structures for specific orthopedic applications, the mechanical behavior 

must be determined for loads the implants will experience in vivo, including compression, 

tension, shear, torsion, bending, and complex combinations of these stress states[17]. Many 

studies have analyzed the mechanical behavior of these structures in compression, far fewer 
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in tension, and none if any of the additional loading conditions[11,14,18ï23]. 

Understanding the different stress statesô effect on the mechanical behavior of the various 

lattice structures is crucial for designing load-bearing implants with improved clinical 

success rates. For this reason, this dissertation will outline the current research to 

understand the tensile, compressive, shear, and torsion mechanical performance of various 

LPBF 3D printed metallic lattice structures.  

1.2 Significance 

The ability to change the design parameters of these lattice structures allows for 

mimicry of the material properties and appearance of the native bone, which the implant is 

replacing[1,2,12]. The majority of studies have published characterization of 3D printed 

metallic lattice structuresô compressive mechanical properties, which is not the only stress 

state that these structures would experience in vitro[17ï19,22ï36]. These lattice structuresô 

mechanical properties must be characterized for all physiologically relevant loading 

conditions to compare to boneôs mechanical properties [5,8,17].  However, the mechanical 

characterization in other stress states (tension, bending, shear, and torsion) is nearly non-

existent in literature[19,20]. Organizations of mechanical engineering standards have been 

slow to provide formal guidance for test methods of these lattice structures in any loading 

condition. Current standards for bulk metallic mechanical testing fail to consider sample 

geometry's effects on the mechanical performance of metallic lattice structures[37,38]. 

This lack of standardization has led to the utilization of a wide variety of sample geometries 

in literature, significantly affecting the reported behaviors[24,25,36,26ï31,34,35]. The 

different sample geometries introduce variability in mechanical performance caused by the 
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number of unit cells and edge effects, orientation with respect to the loading direction, and 

interactions between the sample and test frame interfaces[18,22,35,39]. To address this 

gap, this research aims to provide a standard test method for accurately testing the 

mechanical properties of lattice structures in various stress states and characterizing the 

effects of the stress state of a range of metallic lattice parameters, including various 

structures, porosities, materials, gradients.  

1.3 Research Aims 

1.3.1. Aim 1 

Investigate the effect of stress state on the mechanical behavior of 3D 

printed Ti6Al4V sheet-based and strut-based lattice structures fabricated via laser 

powder bed fusion.  

1.3.1.1. Objective 

Understand the mechanical performance of three different 3D 

printed Ti6Al4V lattice structures (sheet-based gyroid, strut-based octet 

truss, and strut-based stochastic) under four stress states (tension, 

compression, compressive shear, and torsion). Define trends in the 

mechanical properties based on various factors, including stress state, lattice 

structure, and porosity, and determine the relative magnitude of each 

factorôs impact on peak strength.  
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  1.3.1.2. Hypothesis 

The mechanical performance of all three lattice structures will be 

inversely proportional to porosity, regardless of the stress state. The three 

lattice structures explored in this study are expected to withstand the highest 

loads in compression and the lowest in torsion while exhibiting similar 

stiffness values in compression and tension. The sheet-based gyroidôs near-

isotropic design will allow it to perform more efficiently as a function of 

porosity than the strut-based lattice structures in the four loading modes 

studied. Porosity will have the most significant, and lattice structure will 

have the least significant effect on the scaffoldôs strength. 

1.3.2. Aim 2 

Investigate the effect of stress state on the mechanical behavior of 3D printed 

metallic lattice structures using a universal sample geometry fabricated via laser powder 

bed fusion.  

1.3.2.1 Objective 

Design a universal sample geometry capable of evaluating 3D 

printed metallic lattice structures under tensile, compressive, and torsional 

loads. Understand the mechanical performance of the sheet-based gyroid, 

strut-based octet truss, and strut-based stochastic structures under the three 

stress states explored in two materials, Ti6Al4V and Co28Cr6Mo. 

Determine the relative impact of lattice structure, material, stress state, and 
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porosity on peak strength with a universal sample that removes any artifacts 

of sample geometry on results. 

  1.3.2.2 Hypothesis 

The universal sample geometry will make the tensile and 

compressive modulus of equivalent lattice samples statistically equal. The 

overall trends in mechanical properties of the lattice structure as a function 

of porosity will be independent of material. Scaffolds fabricated out of 

Co28Cr6Mo will have lower strength, lower elastic modulus, and higher 

toughness than equivalent Ti6Al4V lattice scaffolds. Peak strength will be 

impacted significantly by the following independent factors listed in order 

of the largest to smallest effect: porosity, material, stress state, and lattice 

structure. 

1.3.3 Aim 3 

1.3.3.1 Objective 

Understand the mechanical behavior of Ti6Al4V functionally 

graded porous gyroid scaffolds fabricated via laser powder bed fusion under 

tensile, compressive, and torsional loading. Understand both the behavior 

and failure mechanisms and compare the mechanical performance to 

uniform porosity gyroid scaffolds. 
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1.3.3.2 Hypothesis 

The mechanical properties of the functionally graded scaffolds, with 

a gradient orthogonal to the applied force, will exhibit lower stiffness and 

higher strength compared to the uniform samples with equivalent overall 

porosity, regardless of the stress state. With the gradient parallel to the 

applied force, the functionally graded scaffolds will have a statistically 

insignificant difference in mechanical properties compared to uniform 

samples with equivalent porosity. 

 

1.4 Overview 

The subsequent chapters of this document are arranged in the following manner: 

1.4.1. Chapter 2 

This chapter covers the evaluation of Ti6Al4V sheet-based gyroid, strut-based octet 

truss, and strut-based stochastic lattice sample via laser powder bed fusion mechanical 

properties using test specimen geometries as prescribed by mechanical testing standards. 

The tensile, compressive, compressive shear, and torsional mechanical behaviors of the 

various lattice structures are characterized.  

1.4.2 Chapter 3 

This chapter discusses the development of a universal sample design for testing 3D 

printed lattice structures in tension, compression, and torsion. The tensile, compressive, 

and torsional mechanical properties and failure mechanisms were characterized for 
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Ti6Al4V and Co28Cr6Mo sheet-based gyroids, Ti6Al4V strut-based octet truss, and 

Ti6Al4V strut-based stochastic lattice structures and the effects of stress state, lattice 

structure, porosity, and material were discussed.  

1.4.3 Chapter 4 

This chapter focuses on the effects of stress state on unit cell size effects in relation 

to test specimen geometry dimensions on the mechanical behavior to determine a 

representative volume of sheet-based gyroid lattice structures. 

1.4.4 Chapter 5 

This chapter explored the effects of stress state on the tensile, compressive, and 

torsional mechanical properties of functionally graded and discrete region porosity sheet-

based gyroid lattice structures. The mechanical behavior of porosity variation parallel and 

orthogonal to the applied load were characterized and compared to uniform lattice samples 

of equivalent porosities.  

1.4.5 Chapter 6 

The final chapter summarizes the conclusions of this work and discusses future 

directions for this research area.  
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2. Effect of Stress State on the Mechanical Behavior of 3D 

Printed Porous Ti6Al4V Scaffolds Produced by Laser Powder 

Bed Fusion 

2.1 Introduction 

Metallic cellular lattice structures are becoming increasingly common in orthopedic 

applications [40].The introduction of laser powder bed fusion (LPBF) additive 

manufacturing (AM), also known as 3D printing, has facilitated the fabrication of complex 

porous microstructures [13,41]. While titanium offers exceptional biocompatibility, 

corrosion resistance, specific strength, and elastic modulus compared to other metals, the 

bulk mechanical properties are too dissimilar to bone, which can lead to stress shielding 

[4ï8,11,42]. Thus, the use of cellular lattice structures in orthopedic implant design 

partially aims to mimic the unique material properties of trabecular bone attributed to its 

naturally porous structure [12,17].  

Trabecular bone exhibits a randomized cellular structure, and its mechanical behavior 

varies depending on the location within the body [12,17,18]. The location determines the 

applied loading direction and the magnitude of applied forces, which influences the boneôs 

cellular size, pattern, and porosity [17,18]. Boneôs complex structure allows it to behave 

anisotropically, with an ability to withstand compressive loads, as well as a high strength 

cortex which resists torsional moments. Trabecular bone regularly experiences tensile, 

compressive, shear, bending, and torsional forces either singularly or combined in a multi-

axial loading mode, which is essential to the formation of bone to maintain its mechanical 

function [8,17,43]. Boneôs porous structure allows localized deformation; this provides a 
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high strength to weight ratio and a viscoelastic behavior that offers a high resistance to 

strain to withstand these applied stresses [17,44,45]. Lattice structures share these same 

mechanical behaviors, making them ideal for orthopedic applications because they reduce 

the biomechanical mismatch between implant and bone [5,46].  

 A lattice structureôs design parameters can be changed to manipulate the 

mechanical properties to match better the native tissue which it is replacing [5,8]. These 

parameters include topology, unit cell size, percent porosity, wall thickness/strut diameter, 

and pore size. According to Nazir et al. [12],the most widely researched unique lattice 

structures are the Triply Periodic Minimal Surface (TPMS) gyroid and the octet truss. 

Another lattice structure that is less popular but utilized in many commercially available 

3D-printed orthopedic implants is a stochastic lattice structure that resembles the irregular, 

sponge-like, cellular structure of trabecular bone [12,15,47].  

The gyroid is advantageous for orthopedic applications because it mimics 

trabecular boneôs characteristic of surfaces with zero mean curvature, which reduces 

concentrated stresses [18,32,48]. The isotropic nature of the gyroidôs symmetrical 

geometry suggests an ideal structure whose properties are relatively independent of loading 

direction [22]. Studies report the octet truss as the strongest strut-based topology, in tensile 

and compressive loading modes, due to its 12 nodal connections, where the additional struts 

can compensate for the failure of a single strut and give it high strength [32,49,50]. Sheet-

TPMS based gyroid and strut-based octet truss both behave in stretching-dominated local 

deformation, which is generally stiffer and stronger than bending-dominated structures, 

like trabecular bone [32,51,52]. This deformation behavior also causes these two 
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topologies to form shear bands under compressive failure [18,32]. While these two 

structures share the same deformation mechanics, the mechanical properties of sheet-

TPMS structures, like the gyroid, exhibit more efficient mechanical properties as a function 

of porosity compared to strut-based topologies [32,49,53]. Alternately, the stochastic 

lattice structure shares trabecular boneôs bending-dominated deformation property, making 

it more ductile but weaker than the stretch-dominated structures [21,51,54]. 

Many studies have been published analyzing the empirical mechanical performance 

of the three aforementioned AM metal lattice structures under compressive loading [11,18ï

23,32,33]. Far fewer have explored the mechanical behaviors under tensile loading, none 

of which evaluated the octet truss [19,20]. To the best of the authorsô knowledge, the 

mechanical behavior of the cellular lattices has not been reported or evaluated under shear 

and torsional loading. It is difficult to design and truly optimize porous metallic devices if 

the performance of these structures under relevant loading environments has not been 

explored. 

In the present study, the sheet-based gyroid, octet truss, and stochastic lattice 

structures were investigated to compare mechanical performance under various stress 

states. The three lattice structures were all produced by LPBF of Ti6Al4V by varying wall 

thickness/strut diameter and specified unit cell sizes to obtain a range of porosities. Each 

lattice type underwent testing until failure under multiple loading conditions, including 

tension, compression, compressive shear, and torsion. The knowledge obtained from this 

study establishes the effects of topology and porosity on mechanical performance under 
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complex loading environments to help better optimize the lattice design for more complex 

orthopedic applications. 

2.2 Materials and Methods 

2.2.1 Sample Preparation, Fabrication, and Post-Processing 

Three sample geometries were designed in SolidWorks (SolidWorks Corp.) for 

four different loading modes, tension, compression, compressive shear, and torsion (Figure 

1). The same coupon geometry, with a cylindrical gauge section (diameter = 6 mm, length 

= 24 mm), as defined by ASTM E8, was utilized for both tension and torsion mechanical 

testing[37]. A cylindrical scaffold (diameter = 10 mm, length = 15 mm), as defined by ISO 

13314, in which the lattice structure was applied to the entire volume, was used for 

compression testing[38]. Lastly, a cylindrical sample with a gauge section (length = 5 mm) 

oriented at a 45° angle was specifically created for this study to force shearing to occur for 

the compressive shear mechanical testing. 
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Figure 1. Dimensions of sample geometries for each loading type in millimeters: A) 

tension, B) compression, C) compressive shear, and D) torsion. Grey shaded regions 

indicate the area in which the porous lattice structures were applied. 

 

The lattice scaffolds were designed using 3Dxpert (3D Systems, Inc.). The sheet-

based gyroid, the octet truss, and the stochastic lattice structures were applied to each of 

the different sampleôs gauge sections. These lattice structures were designed at three 

porosities, 65%, 75%, and 85%. These porosities were applied to the octet truss and 

stochastic samples at repeating unit cells of 2 mm x 2 mm x 2 mm. The same porosities 

were applied to the sheet-based gyroid at 5 mm x 5 mm x 5 mm repeating unit cells to 

generate wall thicknesses within the printerôs resolution. These designated parameters 

determined each sampleôs wall thicknesses and strut diameters summarized in Table 1.  
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Table 1. Summary of the CAD defined properties of the lattice structures being 

studied. 

 

 

 

 

 

 

 

 

 

 

Test samples were fabricated from AP&C (GE Additive Co.) spherical Ti6Al4V 

grade 23 powder, size 15-45 µm, via LPBF using a 3D Systems DMP ProX 320 printer. 

The samples were built upon a Titanium substrate in the orientation specified in Figure 1. 

The printing process utilized  

an inert Argon atmosphere and refined laser parameters, previously reported to 

reduce internal defects in lattice structures of this type [20]. The refined laser parameters 

utilized two contour scans (100 W laser power, 2800 mm/s scanning speed, and 50 µm 

laser focus). The contour scans were followed by a raster infill scan (145 W laser power, 

1000mm/s scanning speed, and 50 µm laser focus). To further reduce internal defects in 

addition to relieving residual stresses and increase ductility, all specimens underwent a 

post-processing treatment of hot isostatic pressing (HIP) as defined by the ASTM standard 

Architecture 
Unit Cell 

Size (mm) 

Designed 

Wall 

Thickness/ 

Strut 

Diameter 

(mm) 

Designed 

 Porosity (%) 

Gyroid 5x5x5 0.620 65 

Gyroid 5x5x5 0.440 75 

Gyroid 5x5x5 0.250 85 

Octet Truss 2x2x2 0.393 65 

Octet Truss 2x2x2 0.320 75 

Octet Truss 2x2x2 0.245 85 

Stochastic 2x2x2 0.730 65 

Stochastic 2x2x2 0.590 75 

Stochastic 2x2x2 0.430 85 
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2924 ï 14 (2014) (895-955 °C and 100+ MPa, for 180 ± 60 minutes, and cooled to 425 °C, 

in an inert atmosphere) [39]. Wire electronic discharge machining (EDM) removed 

samples from the build plate. Before undergoing mechanical testing, all samples were 

sonicated in water for 15 minutes to remove any remaining loose powder from within the 

lattice structure.  

2.2.2 Printed Porosity Verification  

To accurately compare the effect of porosity on mechanical properties across the 

variety of samples, the actual porosity of the printed samples was evaluated. The 

compression coupons were assessed as a representative sample of each lattice structure and 

porosity. The mass fraction was determined by dry weighing (density of 4.42 g/cm³). These 

measured porosities were used to analyze the mechanical data in this study. 

2.2.3 Mechanical Performance Characterization 

Monotonic testing in four loading modes, tension, compression, compressive shear, 

and torsion, was performed to characterize each lattice structure mechanically (n = 

4/group). Tensile, compressive, and compressive shear axial loads (MTS Landmark, 100 

kN capacity) were applied at a constant rate of 1 mm/min until the observation of 

mechanical failure. Hydraulic wedge grips (MTS. Series 647) held the paddle region of the 

tensile dogbones with 500 psi of pressure. The hydraulic wedge grips also held the 

compression platens (MTS Model 643) with 500 psi of pressure, which were utilized for 

applying the load to the compression and compressive shear samples. To protect the 

platens, a pre-galvanized hardened 4140 alloy steel shim was placed between the platens 

and the sample on both the top and bottom. For the torsional loading, a constant rotational 
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displacement of 1°/min was applied (Test Resources 830, 4.4 kN axial/20 Nm torsion 

capacity) until mechanical failure was observed. Pneumatic grips (Test Resources WT175 

Series) held the dogbone sampleôs paddle regions with 50 psi of pressure while the 

torsional forces were applied. Each of the forces were applied with respect to build 

direction, as shown in Figure 1. The applied force and displacement were recorded from 

the load cell for the tension, compression, and compressive shear samples. For the torsion 

samples, the torque and rotation were recorded from the load cell.  

Longitudinal stress was calculated via 

 Ɑ ╕▪Ⱦ═  Equation 1 

where & is the normal force and A is the cross-sectional area of the sampleôs lattice region. 

The torsional shear stress was calculated using the polar moment of inertial of the 

cylindrical shaft. The polar moment was calculated via  

* ʌȾσςÄ   Equation 2 

where * is the polar moment of inertia and Ä is the lattice regionôs diameter. Once the polar 

moment was calculated, it was used to determine the torsional shear stress via 

† ὝὶȾὐ   Equation 3  

where ʐ is the torsional shear stress, 4 is the applied torque, r is the distance from the 

stressed surface to the center of the sample, and * is the polar moment of inertia. 

longitudinal strain and torsional shear strain were calculated via 

‐ ῳὒȾὒ  Equation 4 

‎ ”‰Ⱦὒ  Equation 5 
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respectively. Ů is longitudinal strain, ȹL is the change in gauge length, , is the initial 

gauge length, ɔ is shear strain, ɟ is the radius of the gauge section, ‰ is the rotation angle, 

and L is the gauge length. The longitudinal stress and strain equations were used to 

calculate the tensile, compressive, and compressive shear properties, and the torsional 

shear stress and torsional shear strain were used to calculate torsional properties. The 

displacement recorded by the test frame was utilized to calculate strain. From this data, 

stress-strain curves were produced. The modulus was reported as the slope of the linear 

region of the stress-strain curve, and the yield strength was determined using the 0.2% 

offset method. The modulus of toughness was calculated as the area under the stress-strain 

curve until failure using the Reimann Sums method. 

An extensometer was not used for these comparative tests, and displacement was 

measured using the machine actuator, limiting the accuracy of strain measurements across 

various stress states.  For this reason, the stiffness in the different testing methods is not 

directly comparable, but strength values are directly comparable.  For example, 

compression samples have relatively low stiffness compared to tension samples.  However, 

this discrepancy is driven by the fact that strain from the compression or compression shear 

cylinders is influenced by displacement contributions coming from the compliance 

between the imperfect cylinders and the compression platens.  

2.2.4. Statistical Analysis 

Each test was run as a quadruplicate, and the reported values are presented as the 

average ± the standard deviation. A Fit Regression Model was utilized to evaluate the 

impact lattice architecture, porosity, and stress state have on peak stress. Minitab (Minitab, 
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LLC) was used to perform the statistical analysis. From the regression coefficients, the 

standardized effects of each predictor were scaled and centered to interpret the results using 

Design of Experiments. 

2.3 Results and Discussion 

Defining the mechanical performance of porous structures under different stress 

states is critical to improving safety and widening adoption in orthopedic and other load-

bearing applications. Ideally, the porous materials should undergo empirical testing that 

imitates the complex loading conditions that occur in vivo to understand how the design 

parameters affect the performance. While the majority of mechanical characterization of 

these structures has been performed under compressive testing, which is important to 

consider when designing any load-bearing implant, especially for locations like the spine 

and knees that experience high compressive loads, the performance of these structures 

under other loads cannot be overlooked [55]. These structures need to withstand significant 

stresses in everyday activities such as tensile and torsional forces that long bones 

experience during walking or running [17,56]. The design process for porous metallic 

scaffolds for permanent orthopedic implants utilizes this understanding to minimize the 

mismatch of mechanical properties between the native tissue and implant material and 

avoid premature implant fracture [5,46]. 

2.3.1 Structural Characterization 

The range of porosity in native trabecular bone has been reported as 40-95% 

[17,57]. In this work, we considered a subset of that porosity range (65-85%), based upon 
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the balance of optimizing osseointegration capacity and mechanical performance [58,59]. 

Figure 2 illustrates a single unit cell (A, D, G), the CAD rendering (B, E, H), and final 

printed samples (C, F, I), of each of the porosities of the three lattice structures, gyroid, 

octet truss, and stochastic. The gyroid was designed with a 5 mm x 5 mm x 5 mm unit cell 

size, while the octet truss and stochastic were designed with a 2 mm x 2 mm x 2 mm unit 

cell size to stay within the resolution of the printer. Additionally, it was observed that when 

the strut-based lattices are printed at 5 mm x 5 mm x 5 mm unit cell sizes, they fracture 

and deform during the shipping process to undergo the HIP treatment.  The different the 

unit cell size of the gyroid makes the wall thicknesses fall within the range of strut 

diameters of the octet truss and stochastic samples.   Upon visual inspection, the specimens 

printed without minimal visual defects. Dry weighing the samples ascertained the printed 

porosity to determine the overall accuracy of the printing process. This empirically 

measured printed porosity was plotted against the CAD porosity to show the deviation 

(Figure 3). The strut-based designs both show a significant decrease in porosity compared 

to the designed porosity, whereas the TPMS-based structure shows a slight increase in 

porosity from the idealized CAD model. The mechanical properties were reported as a 

function of the printed porosity to accurately compare the various lattice structuresô 

performance. 
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Figure 2. Gyroid structure. A) Single unit cell B) CAD designed lattice structure of a 

5mm x 5mm x 5mm unit cell at 65%, 75%, and 85% porosity C) Ti6Al4V LPBF 

printed samples of each porosity. Octet truss structure. D) Single unit cell E) CAD 

designed lattice structure of a 2mm x 2mm x 2mm unit cell at 65%, 75%, and 75% 

porosity, where Dn = Dc. F) Ti6Al4V LPBF printed samples of each porosity. 

Stochastic structure. G) Single unit cell H) CAD designed lattice structure of a 2mm 

x 2 mm x 2mm unit cell at 65%, 75%, and 85% porosity, where Dn = Dc. I) Ti6Al4V 

LPBF printed samples of each porosity. 
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We mention here that some studies compare structures without understanding 

differences in the intended porosity in the CAD model versus the actual porosity in the 

printed samples. Given that porosity has a first-order effect on mechanical properties, it is 

crucial the actual porosity of samples being compared is known. The results in Figure 3 

demonstrate the importance of knowing the actual porosity as the differences in the CAD 

and measured porosity depend strongly on the type of structure being printed.  

 

 

Figure 3. Measured porosity of Ti6Al4V LPBF printed samples versus the CAD 

intended porosity of gyroid, octet truss, and stochastic lattice structures at three 

different porosities. 
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2.3.2 Effect of Design Parameters on Mechanical Properties 

The tensile, compressive, compressive shear, and torsional loads were applied to 

each sample with respect to the build direction shown in Figure 1, and the stress-strain 

responses were obtained during these tests. A representative stress-strain curve for each 

test parameter is displayed in Figure 4. The same cell topology at different porosities is 

displayed for each loading mode; therefore, twelve plots are presented. For tensile and 

torsional loading, specimens first underwent elastic deformation depicted by the linear 

region. The specimens then yielded and entered a non-linear plastic region before failure 

occurred at the peak strength. The pure compression and compressive shear samples 

initially underwent a toe region before entering the stress-strain curveôs linear elastic 

region. The specimens then yielded and entered the plastic deformation regime before 

failing. This toe region is a result of using machine crosshead displacement to measure 

deformation and calculate strain in the cylindrical samples, which has an imperfect 

interface with the compression platens. Any imperfections at the sampleôs ends caused by 

the printing or EDM processes, making them deviate from perfectly parallel, produces a 

low stiffness interface resulting in a toe region as the sample deforms and becomes flush 

with the platens. As the pure compression specimens compressed, they densified, resulting 

in higher peak stresses as reloading occurred at each shear band or horizontal layer [32]. 

For this reason, the pure compressive stress-strain curves only represent the first peak stress 

measurement, which is considered failure in this study.  
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Figure 4. Representative stress-strain curves of three porosities of gyroid, 

octet truss, and stochastic truss, in four loading modes, tension, compression, 

compressive shear, and torsion. 

 

The modulus, yield strength, peak stress, and toughness information was extracted 

from all of the duplicate stress-strain curves and plotted against the printed porosity, Figure 

5-8, respectively. The linear trendline information is summarized in Table 2. For each 

mechanical property, the three lattice structures were combined on a single plot, but each 
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loading mode (i.e., tension, compression, compressive shear, and torsion) was plotted 

separately; hence, each figure displays four plots (A-D). Each lattice structure shows a 

near-linear trend, where the mechanical property is inversely proportional to porosity. 

There is a near-linear relationship between each mechanical property and specimenôs 

porosity, irrespective of loading direction and lattice structure; as the specimenôs porosity 

increases, the mechanical performance decreases. Each Figure 5-8 displays linear 

trendlines to show this relationship. 

 

 

Figure 5. A) Tensile modulus, B) compressive modulus, C) compressive shear 

modulus, and D) torsion modulus versus measured porosity of Ti6Al4V LPBF 

fabricated samples. Linear trendlines are fitted to each lattice structureôs data 

points. Error bars are included to show one standard deviation in either direction. 
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Figure 6. A) Tensile yield strength, B) compressive yield strength, C) compressive yield 

strength, and D) torsion yield strength versus measured porosity of Ti6Al4V LPBF 

fabricated samples. Linear trendlines are fitted to each lattice structureôs data points. Error 

bars are included to show one standard deviation in either direction. 
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Figure 7. A) Peak tensile stress, B) peak compressive stress, C) peak compressive 

shear stress, and D) peak torsion stress versus measured porosity of Ti6Al4V LPBF 

fabricated samples. Linear trendlines are fitted to each lattice structureôs data 

points. Error bars are included to show one standard deviation in either direction. 
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Figure 8. A) Tensile toughness, B) compressive toughness, C) compressive shear 

toughness, and D) torsion toughness versus measured porosity of Ti6Al4V LPBF 

fabricated samples. Linear trendlines are fitted to each lattice structureôs data 

points. Error bars are included to show one standard deviation in either direction. 
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Table 2. Summary of slope, intercept, and R² values for the linear trendlines of the three porosities of each lattice structures 

for tensile, compressive, compressive shear, and torsional monotonic loading. 

  

 
Modulus Yield Strength Peak Stress Toughness 

Slope Intercept RĮ Slope Intercept RĮ Slope  Intercept RĮ Slope Intercept RĮ 

T
e
n
s
i
o
n

 Gyroid -0.45 42.04 0.98 -5.45 504.66 0.99 -6.44 600.87 1.00 -0.20 18.28 1.00 

Octet 

Truss 
-0.46 38.47 1.00 -5.25 446.50 1.00 -6.50 556.62 1.00 -0.27 21.63 0.97 

Stochastic -0.49 43.15 0.96 -4.33 382.87 1.00 -4.72 415.96 0.97 -0.05 4.37 0.95 

C
o
m
p
r
e
s
s
i
o
n

 

Gyroid -0.31 27.91 0.96 -7.51 675.36 0.96 -9.40 843.48 0.95 -0.75 65.19 0.84 

Octet 

Truss 
-0.21 18.57 1.00 -5.88 513.94 1.00 -8.38 698.50 1.00 -0.63 46.99 0.95 

Stochastic -0.23 20.48 0.99 -5.22 474.72 1.00 -6.55 590.99 0.99 -0.23 20.74 1.00 

C
o
m
p
r
e
s
s
i
v
e
 

S
h
e
a
r

 

Gyroid -0.09 9.39 0.99 -7.07 661.55 0.99 -8.93 835.28 0.99 -0.81 73.07 0.95 

Octet 

Truss 
-0.09 7.48 1.00 -6.60 565.33 1.00 -8.07 682.57 1.00 -0.80 63.82 1.00 

Stochastic -0.08 7.40 1.00 -5.66 517.63 1.00 -7.42 674.11 0.99 -0.64 56.71 0.95 

T
o
r
s
i
o
n

 Gyroid -0.22 19.81 0.99 -4.45 407.73 1.00 -5.99 547.61 1.00 -0.25 22.96 0.97 

Octet 

Truss 
-0.25 20.35 0.98 -5.34 431.42 0.96 -6.91 561.50 0.99 -0.45 34.66 0.99 

Stochastic -0.11 9.30 0.96 -2.38 206.48 0.94 -2.76 242.57 0.93 -0.05 4.96 0.87 
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At equivalent measured porosity, the sheet-based gyroid outperforms the other 

octet truss and stochastic structures across all applied stress states (tension, compression, 

compression-shear, torsion). The gyroid consistently shows higher mechanical properties 

as a function of relative density, including higher modulus, yield strength, peak strength, 

and toughness (Figures 5-8). However, there is an unknown effect of unit cell size 

dependency when comparing the gyroid (5 mm), octet (2 mm), and stochastic (2 mm) 

[35,60]. It is helpful to quantify the relative impact of the different variables on the strength 

of the scaffolds. While all three factors have a statistically significant impact on the peak 

strength, the largest effect is due to porosity, with an impact of 54% across the lowest to 

highest porosity (Figure 9). The second largest effect on strength is stress state, with an 

impact of 24% from torsion to compressive shear. The third largest effect on strength is 

lattice structure with an impact of 22% from the strut-based stochastic to sheet-based 

gyroid. 
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Figure 9. Pareto chart of the standardized effect of porosity, stress state, and 

structure on the peak strength of 3D printed Ti6Al4V samples via LPBF. The 

dashed line signifies the significance level of 95%. 

 

Topological characteristics of these structuresô geometries explain the trends in 

mechanical performance. First, the gyroidôs continuous structure without nodal 

intersections makes it nearly isotropic [22]. This structure distributes loading forces evenly 

without concentrating stresses at nodes, which is unavoidable in strut-based structures. Its 

performance, in all evaluated stress states, is in part attributed to this isotropy. Also, the 

gyroidôs continuous structural attribute is responsible for its efficient load-bearing 

mechanical performance because it utilizes the entirety of the lattice volume. Conversely, 

the octet truss and stochastic lattice structures fail to utilize the struts around the outer 
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surface of the specimens. These hanging struts only contribute to the weight of the porous 

section without adding to the functional load-bearing performance, which decreases the 

structureôs relative efficiency at resisting stresses across multiple stress states. The random 

nature of the stochastic structure alludes to anisotropic behavior that makes the relationship 

between loading direction and mechanical performance unpredictable, similar to trabecular 

bone[17]. To the authorôs knowledge, no studies have reported the empirical anisotropic 

mechanical behavior of the octet truss; however, it is likely due to the orientation of the 

struts. The octet trussôs unit cell orientation, seen in Figure 2D, can rotate to align struts 

with loading direction the improve performance under uniaxial loads. However, this is not 

ideal for in vivo applications since applied loading is not purely axial and can occur in off-

axis or multiple directions. In this study, the octet truss lattice did not align any struts 

vertically. Therefore, there are no struts parallel to the applied force in tension and 

compression, which would be expected to increase the mechanical properties for these 

stress states. However, there are struts aligned at the 45° direction and horizontally to resist 

compressive shear and torsional loads, respectively. Therefore, the directionality of the 

strut-based lattices with respect to the applicable loads needs to be considered during the 

design process, and it would be impossible to align load-bearing elements a-priori  to 

unknown multi-axial loading states. 

Other notable behaviors were stress state dependent. Under tensile loading, all 

specimens failed at lower strain values than the other stress states evaluated, the stochastic 

lattice structure being the most brittle of the three. This property is dissimilar to human 

trabecular bone, where strain at failure has been reported to be statistically the same under 
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tensile and compressive loading. Correspondingly, trabecular bone also exhibits similar 

modulus values in compression and tension, which was also expected with the lattice 

structures due to titaniumôs bulk material properties [61]. This discrepancy in properties 

has become apparent because of this studyôs objective to compare lattice structures with 

various applied stress states directly. Sample geometries for testing each stress state were 

chosen based on similar examples from literature. The difference in sample geometry 

causes a ripple effect of factors that influence the mechanical properties (in particular, 

elastic modulus) that were calculated from the stress-strain curves, which provides an 

unfair comparison. First, the difference in the gauge section geometry changes the cross-

sectional area, which changes the number of unit cell repeats, which has been seen to affect 

mechanical properties [35]. As mentioned earlier, the various sample geometries require 

different test setups, which could be affected by imperfect interface alignment between the 

sample and the test frame. In addition, the test frameôs compliance could have an unequal 

effect on the samples depending on the direction of the load. Unique to the compressive 

shear sample used in this study, its geometry greatly impacted its perceived mechanical 

behavior. When force was applied to the compressive shear samples, they began to deform 

at a 45-degree angle to the applied displacement (both vertically and horizontally). Only 

the deformation in the vertical direction was measured by the test frame and used to 

calculate strain, so this inaccurately represents the strain applied to the specimens, which 

makes it seem more ductile than reality. For these reasons, it is suggested that in future 

work, a universal sample geometry be designed to test all stress states, so that mechanical 

behavior results of various stress states can be more directly be compared, particularly for 
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modulus measurements. Additionally, future work should include in vivo studies to 

establish the effect of lattice parameters on their osseointegration ability to combine with 

the mechanical property characterization to determine the best-suited structure for specific 

orthopedic applications. Regardless of these study limitations, the data here still provides 

a strong relative comparison of the stiffness samples with different porosities and different 

structures for a particular stress state. 

On the other hand, since peak strength does not rely on the strain calculation, peak 

strength can be directly compared across different stress states. Like bone, the peak 

compressive strength of these porous samples is larger than the peak tensile strength for 

the stochastic samples [62]. Only the gyroid and octet truss samples less than 70% porous 

follow this trend. Additionally, like trabecular bone, which failure is dominated by shear 

off-axis loading, all specimens, regardless of lattice structure, failed with the lowest applied 

force under torsional loads [57,63]. The off-axis torsional loading affects the octet truss the 

greatest with incremental variations in porosity, while the variability in porosity only 

slightly influences the stochastic topologyôs mechanical performance under torsional 

loading. Since torsional loading resists the smallest stresses, it is imperative that the 

mechanical behavior of load-bearing implants is defined and designed to withstand this 

worst-case in vivo loading environment. 

2.4 Conclusions 

This study aimed to characterize the mechanical behavior of metallic cellular lattice 

structures under loading modes applicable to in vivo environments. Various lattice 

structures at a range of porosities underwent tensile, compressive, compressive shear, and 
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torsional loading. The effects of lattice topology and porosity on the mechanical properties 

were compared. The key findings can be summarized as follows: 

¶ The mechanical properties, modulus, yield strength, peak stress, and toughness are 

inversely proportional to porosity regardless of stress state or structure. The 

increase in porosity leads to a decrease in mechanical performance. Comparison 

across different structures revealed that printed structure porosity was different than 

intended porosity and this must be accounted for in relative strength measures.   

¶ Torsional loading, regardless of lattice topology, exhibits the lowest mechanical 

properties and fractures under the smallest applied forces of the stress states applied 

in this case. This worst-case scenario needs to be considered during the design 

process to avoid premature implant failure. 

¶ A universal sample geometry needs to be developed to accurately compare the 

mechanical behavior (particularly stiffness) of lattice structures across various 

stress states, given that the properties are influenced by the strain measurement 

technique and the number of repeat unit cells relative to the overall sample 

dimension. 
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3. Effect of Stress State on the Mechanical Behavior of 3D 

Printed Metallic Sheet-Based Gyroid Lattice Structures Using 

a Universal Sample Geometry Fabricated via Laser Powder 

Bed Fusion. 

3.1 Introduction 

Permanent load-bearing orthopedic implants used for joint replacement, 

arthrodesis, and fracture fixation are typically metallic due to the high strength and fatigue 

resistance of this material class[1,2]. Titanium-based and cobalt-based alloys are 

commonly employed because of their favorable biocompatibility, osseointegration, and 

mechanical properties[1,2]. Ti6Al4V is an alloy with high strength-to-weight ratio 

compared to other metals and an ability to promote osseointegration at the implant 

surface[1ï8,11]. While Co28Cr6Mo is significantly denser than titanium, it exhibits higher 

wear resistance, making it the preferable material for articulating implants[1,2,64]. 

Although both metallic alloys are proven constituents for orthopedic implants, in their solid 

state they have high stiffness compared to bone, along with a lack of porous structures that 

enable osseointegration, leading to peri-prosthetic osteolysis due to stress-shielding, which 

can cause implant instability[1ï3,64]. 

Commercial load-bearing orthopedic implants are already incorporating 3D 

printing technologies into their designs to combat the mismatch of mechanical properties 

and to enable spatially varying porous structures with a capacity for 

osseointegration[1,2,12,15,16]. While printed lattice structures are gaining popularity, 

there is a lack of standardization in test methods for evaluating the mechanical properties 

of the porous structures in different stress states. Many factors influence a lattice structures' 
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mechanical behavior, such as sample design (geometry and size), manufacturing process, 

and test method, which currently are not well accounted for in industry standards for 

tension, compression, and torsion metallic material testing[18,22,35,39]. In particular, 

current standards call for differing sample geometries, which introduce unwanted, but 

significant effects on the relative mechanical performance of these lattice structures. For 

example, the sample dimensions with respect to the unit cell size, or the connection means 

between samples and test frames (platen versus grip) can significantly alter the measured 

mechanical properties[18,22,35,39].  

The significant effects of these factors on mechanical properties as a factor of 

porosity are highlighted by examining the massive spread in elastic modulus data in the 

literature presented in Figure 10. The influence of these factors has gone largely unnoticed 

in current research efforts because the vast majority of research in this field has primarily 

explored the compressive mechanical properties of cylindrical samples loaded with parallel 

platens.  On the contrary, only a few studies have been published the tensile properties of 

3D printed porous structures, and only one study, to the authorôs knowledge, has 

considered torsional properties[18,19,22ï36]. Preliminary work exploring tensile, 

compressive, shear, and torsional mechanical properties of various lattice structures 

demonstrated a strong impact of sample geometry.  For example, the elastic modulus of 

identical structures was found to be significantly different in tension and compression, an 

effect that was attributed to the larger size of the compressive cylinder sample lattice 

(relative to the narrow tensile sample) and the interaction between the compressive porous 

surface and the loading platen (which was absent in the gripped dogbone tensile sample).   
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Figure 10. Summary of Youngôs modulus as a function of porosity of various 

Ti6Al4V lattice structures fabricated by LPBF [24ï31,34ï36]. 

 

The study from Chapter 1 investigated various lattice structuresô mechanical 

performance under different stress states (tension, compression, compressive shear, and 

torsion) while utilizing a variety of sample geometries. Based on the results of this study, 

it was determined that the influence of the sample geometry, which varied for different 

applied stress states, was a significant factor in comparing compressive, tensile, shear, and 

torsional loading performance.  
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Since multiple geometrical factors significantly affect the lattice structures' 

mechanical performance under different stress states, it is crucial to utilize a universal 

sample geometry for mechanical testing to streamline reporting the performance of these 

lattices. Such a study enables an understanding of the actual influence of the lattice 

structure's design parameters on the mechanical properties in various stress states. This 

understanding will allow design optimization for specific uses of these lattice structures.  

In essence, a universal sample geometry allows for a direct comparison of the performance 

of various lattices under each stress state.  

In this study we investigate the mechanical behavior of the sheet-based gyroid, 

strut-based octet truss, and strut-based stochastic porous lattice structures under various 

stress states (tension, compression, and torsion) using a universal sample geometry 

fabricated via laser powder bed fusion (LPBF) of implant grade metals. Three of each 

porous gyroid, octet truss, and stochastic lattice samples were produced by LPBF by 

varying the wall thickness to obtain three different porosities (65%, 75% and 85%) similar 

to that of trabecular bone[58,59]. All nine unique samples were printed in Ti6Al4V, and 

the three gyroid samples were also printed Co28Cr6Mo, to evaluate the effect of material 

on mechanical performance. The universal sample geometry with the applied lattice 

structures underwent monotonic tensile, compressive, and torsional testing to failure. This 

study isolates the effect of stress state on mechanical performance of lattice structures by 

eliminating the effects due to differences in sample geometry and test setup. 
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3.2 Materials and Methods 

3.2.1 Sample Preparation, Fabrication, and Post-Processing 

A universal sample geometry design was conceived to be tested in compression, 

tension, and torsion. Multiple designs were considered that balanced the ability of the 

sample to handle all three stress states and concentrate deformation appropriately in the 

porous region.  The final sample geometry was designed using SolidWorks (SolidWorks 

Corp.) (Figure 11A). The dogboneôs gauge section, where the lattice structures were 

applied, was cylindrical with a diameter of 12 mm and a length of 18 mm. The sheet-based 

gyroid, strut-based octet truss, and strut-based stochastic structures were applied to the 

gauge section using 3Dxpert (3D Systems, Inc.). The gyroid lattice structure was designed 

to be 4 mm x 4 mm x 4 mm unit cell size, and the octet truss and stochastic were designed 

to be 2 mm x 2mm x 2mm unit cell size. Table 3 summarizes each of the three structures 

that were designed to be three porosities, 65%, 75%, and 85%, by varying the wall 

thickness/strut diameter (Figure 12). From previous observations, there is a large 

discrepancy between the strut-based octet truss CAD porosity and the printed porosity. For 

this reason, the CAD porosity was offset to achieve a printed porosity closer to the intended 

porosities of 65%, 75%, and 85%. The CAD parameters of the samples are summarized in 

Table 3. 



 

39 

 

Figure 11. A) Three view drawing of the universal sample geometry. Grey shaded 

region indicates the area in which the porous lattice structures were applied. All 

dimensions are in millimeters. 3D printed B) gyroid Co28Cr6Mo, C) gyroid 

Ti6Al4V, D) octet truss Ti6Al4V, and E) stochastic Ti6Al4V 75% designed porosity 

universal samples fabricated via LPBF. 

 

Table 3. Summary of the CAD defined properties of the sheet-based gyroid, strut-

based octet truss, and strut-based stochastic structures. 

Architecture 
Unit Cell 

Size (mm) 

Wall 

thickness/Strut 

Diameter (mm) 

Designed 

Porosity 

Gyroid 4x4x4 0.495 65.1% 

Gyroid 4x4x4 0.350 75.0% 

Gyroid 4x4x4 0.210 84.9% 

Octet Truss 2x2x2 0.314 75.5% 

Octet Truss 2x2x2 0.237 85.5% 

Octet Truss 2x2x2 0.127 95.8% 

Stochastic 2x2x2 0.730 65.6% 

Stochastic 2x2x2 0.590 75.8% 

Stochastic 2x2x2 0.430 85.5% 
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Figure 12. Single unit cell of the A) gyroid, B) octet truss,  and C) stochastic lattice 

structures where Dn = Dc. CAD designed gauge section with applied lattice 

structures of  D) 4 mm x 4mm x 4mm gyroid unit cell at 65.1%, 75.0%, and 84.9% 

porosity, E) 2 mm x 2 mm x 2 mm octet truss unit cell at 75.5%, 85.5%, 95.8% 

porosity, and F) 2 mm x 2 mm x 2 mm stochastic unit cell at 65.6%, 75.8%, and 

85.5% porosity. 

 

The gyroid, octet truss, and stochastic test samples were fabricated from Ti6Al4V 

ELI powder via LPBF in the orientation signified in Figure 11A. The Ti6Al4V samples 

were printed upon a titanium substrate using a 3D Systems DMP ProX 320 system. An 

inert Argon atmosphere was utilized during the printing process with two contour scans 

and refined laser parameters for the infill scan (145 W laser power and 1000mm/s scanning 

speed) published by Kelly et al. in the orientation signified in Figure 11A[31]. While these 

optimized laser parameters reduce residual stresses and defects inherent to the printing 

process, the parts were also annealed (950 °C for 2 hours) to remedy these concerns 
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further[31]. Additionally, the gyroid test samples with the same CAD parameters were 

fabricated from Co28Cr6Mo powder via LPBF in the same orientation. The Co28Cr6Mo 

samples were printed upon a Toolox 33 steel substrate using a 3D Systems DMP ProX 350 

system. An inert Argon atmosphere was utilized during the printing process, including a 

single contour scan and infill laser parameters of 250 W laser power and 1000 mm/s 

scanning speed. After printing, the Co28Cr6Mo parts underwent a stress relief cycle 

(1050°C for 2 hours). The samples were removed from the respective substrate with a wire 

EDM. All samples were sonicated in water for an hour to remove any loose powder from 

within the porous structure. The Ti6Al4V gyroid, Co28Cr6Mo gyroid, Ti6Al4V octet truss, 

and Ti6Al4V stochastic samples designed to be 65% porous are pictured in Figure 11B, 

11C, 11D, and 11E, respectively. 

3.2.2 Printed Porosity Verification  

Dry weighing was performed to determine the overall porosity of the samples. The 

twelve samplesô cylindrical gauge sections (d = 12 mm, h = 18 mm) were printed without 

the solid paddle regions with the same printing parameters. The lattice region samples 

underwent the same post-processing procedures as the dogbones used for mechanical 

testing. These lattice regions were measured to determine the volume, and each sample was 

weighed. Three replicates of each sample were measured and weighed to determine the 

mass fraction using the known density of Ti6Al4V (4.42 g/cm³) and Co28Cr6Mo (8.29 

g/cm³). The average porosity of the printed sample was plotted versus the CAD porosity in 

Figure 13. The mechanical performance of these samples was analyzed as a function of the 

measured porosities determined by this method. 
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Figure 13. Measured porosity of Ti6Al4V gyroid, octet truss, and stochastic and 

Co28Cr6Mo gyroid LPBF printed samples versus the CAD intended porosities. 

 

3.2.3 Mechanical Performance Characterization 

Monotonic tension, compression, and torsion testing were performed on the 

samples (n = 3/group) using the universal sample. The tension and compression tests were 

completed with an MTS Landmark (100 kN capacity) axial test frame. The samples were 

held by the solid paddle regions using the hydraulic wedge grips (MTS Series 647) with 

1500 psi of pressure, and loads were applied at a constant rate of 1 mm/min until 

mechanical failure was observed. A Test Resources 830 (4.4 kN axial/20 Nm torsion 

capacity load cell) was utilized for the torsion test. Pneumatic grips (Test Resources 
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WT175 Series) held the samples with 50 psi of pressure while the torsional load was 

applied at a constant rotational displacement of 1°/min. The applied force and displacement 

were recorded from the load cell during the longitudinal loading tests, and the torque and 

rotation were recorded from the load cell during the torsion tests. These values were not 

corrected for machine compliance. 

Longitudinal stress and strain were calculated from the recorded force and 

displacement of the tension and compression samples. The torsion samples used the 

recorded torque and polar moment of inertia of the cylindrical shaft to determine the 

maximum shear stress and the recorded rotation of the test frame to determine the 

maximum shear strain. Modulus was defined by the slope of the linear elastic region of the 

stress-strain curve, and yield strength was determined by the 0.2% offset method. The 

toughness was calculated to be the area under the stress-strain curve until the point of 

failure using the Reimann sums method.  

3.2.4. Statistical Analysis 

Each test was completed in triplicate, and the reported value is presented as the 

average ± the standard deviation. Minitab (Minitab, LLC) was used to run a one-way 

ANOVA and Tukey HSD test to analyze the differences between the mechanical properties 

and the various stress states within each porosity. A Fit Regression Model was performed 

using Minitab (Minitab, LLC) to evaluate the impact of porosity, stress state, lattice 

structure, and material on peak stress and modulus. The standardized effects of each 

predictor were scaled and centered to interpret the results using the Design of Experiments. 
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3.2.5 Theoretical Modeling of Mechanical Properties 

The Gibson and Ashby scaling laws of metal foams were used to obtain the 

theoretical tensile, compressive, and torsion modulus and yield strength of the samples 

analyzed and compared to the empirical data collected from this study[51,65]. The 

following scaling relationships were used[51,65,66]: 

╔ ═╔╢ⱬ►
▪  Equation 6 

Ɑ ║Ɑ╢ⱬ►
╝  Equation 7 

where Ὁ and „ represent the solid Youngôs modulus and yield strength of LPBF 

fabricated Ti6Al4V, respectively, and ” represents the relative density of the porous 

structure to calculate the theoretical modulus and yield strength values[51,65,66]. The yield 

strength of 837.0 MPa and Youngôs modulus of 116.7 GPa for heat-treated solid LPBF 

Ti6Al4V, and yield strength of 536.8 MPa and Youngôs modulus of 226.9 GPa for heat-

treated solid LPBF Co28Cr6Mo were utilized to determine the constant values (A/B), and 

exponential values (n/N) were determined by performing a power law[30,67]. The power-

law fit was plotted with the experimentally determined mechanical properties as a function 

of relative density. 

3.3 Results and Discussion 

The design process for load bearing structures relies on the knowledge and 

understanding of the influence lattice design parameters (i.e., lattice structure, unit cell size, 

wall thickness/strut diameter, and porosity) on the mechanical properties of the resulting 

material. This study utilized a universal testing sample geometry to avoid impact from 
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unintended independent variables and determine the true effects of stress state (tension, 

compression, and torsion) on the mechanical properties of lattice structures. Most studies 

in this field characterize the compressive behavior of various lattice structures. However, 

the results of this study show that compression is the most conservative stress state and that 

the porous lattice performance in tension or torsion are the same or weaker than 

compression [18,19,22ï30,32ï36]. Since implants will experience complex loading 

environments in vivo, it is imperative to characterize lattice structuresô mechanical 

behavior under these more severe loading conditions to avoid premature failure[17].  

3.3.1 Sample Geometry Design 

The universal sample was designed to use the same test setup and geometry to 

perform tensile, compressive, and torsional mechanical testing. Figure 2 shows the final 

specimen design, which is derived off of the specimen geometry defined by ASTM 

E8/E8M-21. The diameter of the cylindrical gauge section, where the lattice was applied, 

was increased to 12 mm, larger than the tensile samples standards, to accommodate at least 

three unit cell repeats across the sampleôs diameter. A minimum of three unit cell repeats 

has been shown to represent the bulk properties of the lattice structure and avoid boundary 

effects[35]. The gauge length was decreased to 18 mm, to provide a smaller aspect ratio 

and avoid bending effects during compression testing while still enabling the possibility of 

an unconstrained 45° shear plane failure. The overall specimen design allowed gripping of 

the sample during all mechanical tests to normalize the effect of porous surface contact and 

avoid differences in end plate effects between platen-loaded cylindrical compression 

samples and gripped dogbone tensile samples.  
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3.3.2 Structural Characterization 

Each lattice structure was designed to be, 65%, 75%, or 85% porous, which fall 

within the range of optimized porosity for achieving osseointegration while maintaining 

the mechanical properties sufficient for load-bearing orthopedic applications[58,59]. From 

the authorsô experience fabricating similar Ti6Al4V lattice structures via LPBF, there is a 

considerable difference between the CAD-designed porosity of the octet truss 2 mm x 2 

mm x 2 mm unit cell size and the printed porosity within the desired porosity range. For 

this reason, the CAD porosities designed for the octet truss were intentionally increased to 

compensate for the decreased porosity of the printed samples, so they were closer to the 

desired sample porosities (65%, 75%, and 85%) (Table 1). The designed lattice parameters 

from Table 1 were applied to the cylindrical gauge section of the universal sample (Figures 

3D-F).  

Once printed, the samples were visually inspected for macroscopic defects and 

determined to have minimal imperfections (Figures 11B). Dry weighing was performed on 

the printed lattice regions to determine the actual porosity of the printed samples. Figure 4 

illustrates the variability between the CAD and printed porosity of the various lattice 

structures. As expected, the octet truss had the most considerable percent difference 

between the CAD and printed porosity. However, the compensated design parameters were 

within 3.5% porosity of the intended porosity values, similar to the other Ti6Al4V lattice 

samples. When comparing the printability of the gyroid structure in Ti6Al4V and 

Co28Cr6Mo, the gyroid prints more accurately in Ti6Al4V than in Co28Cr6Mo. All 
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reported mechanical properties were reported as a function of the measured porosity to 

accurately represent the lattice parameters being tested.   

3.3.3 Mechanical Properties of Lattice Universal Samples 

Tensile, compressive, and torsional loads were applied to the universal sample, and 

the stress-strain responses were obtained from these tests.  A representative stress-strain 

curve was plotted for each sample in Figure 14. For all samples, the stress-strain response 

followed a three-stage behavior.  First, the specimen underwent elastic deformation, 

indicated by the curve's initial linear region. Next, the specimen yielded and started 

deforming plastically before fracturing. Unique to the compression sample, as it was 

compressed, it densified, which allowed the sample to reload after each shear band or 

horizontal band collapsed. For this reason, the stress-strain curve was only reported until 

the first peak stress measurement was observed, which is considered a failure in this study. 

Notably, in torsion, the highest porosity gyroid sample in Ti6Al4V, and in tension and 

torsion, the highest porosity gyroid in Co28Cr6Mo failed at the interface between the 

porous gauge section and solid paddle region, all other samples fractured within the gauge 

section.  

Regardless of stress state, lattice structure, or material, all mechanical properties 

(modulus, yield strength, peak stress, and toughness) are inversely related to porosity; as 

porosity increases, the mechanical properties decrease (Figures 15-18).  For all mechanical 

properties and loading modes, the range of sample porosities shows near-linear trends 

(Table 4). 
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Figure 14. Representative stress-strain curves of three porosities of the gyroid, octet truss, and stochastic lattice structures in 

three loading modes, tension, compression, and torsion. Each curve is labeled with the measured porosity of the printed 

sample. 
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The mechanical properties of each lattice were compared as a function of the 

measured porosity to determine how the same lattice parameters perform under different 

loading conditions (Figures 15-18). The empirically determined data points are fitted with 

linear trendlines to show this relationship (Figures 15-18). 
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Figure 15. Tensile, compressive, and torsional modulus versus measured porosity of LPBF fabricated A) Co28Cr6Mo gyroid, 

B) Ti6Al4V gyroid, C) Ti6Al4V octet truss, and D) Ti6Al4V stochastic samples. Linear trendlines are fitted to the range of 

porosities of the samples explored. Error bars are included to show one standard deviation in either direction. 
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Since a universal sample geometry was utilized, the differences in mechanical 

properties were solely based on the lattice parameters (lattice structure, material, porosity, 

unit cell size, wall thickness/strut diameter). First, regardless of the lattice structure, 

porosity, or material, the modulus values of the uniaxial loading modes (tension, 

compression) perform nearly identically (Figures 15A-D). All samples exhibit significantly 

lower modulus values when they experience torsional loads as expected based on shear 

modulus (Figures 15A-D).  The uniaxial modulus should be approximately twice as large 

as the shear modulus for materials with a Poissonôs ratio of zero.  

Ὁ ςὋρ ὺ Equation 8   

where Ὁ is Youngôs modulus of the lattice sample, ' is shear modulus of the lattice sample, 

and Ö is Poissonôs ratio. Poissonôs ratio has been seen to have negligible effects on the 

moduli of the octet truss [49]. When calculating the Poissonôs ratio for the range of octet 

truss porosities using Equation (8) and the empirical Ὁ and G data, the Poissonôs ratios 

obtained are slightly negative, which is characteristic of bone[68]. There is a smaller 

difference between Youngôs moduli and shear moduli of the octet truss samples than in the 

other lattice structures tested in this study. This smaller difference in moduli value can be 

attributed to the octet trussôs strut orientation. The orientation utilized for the sampleôs 

design did not align any struts vertically, or parallel to the longitudinal loading conditions, 

yet had struts aligned horizontally, which would be parallel to torsional loading. The strut 

orientation will affect the collapse conditions of the struts, which will in turn determine the 

mechanical performance[49]. In this case, since the struts are aligned parallel to the 

torsional load, the shear modulus is expected to be the largest in this orientation. The 
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relationship stated by Equation (8) does not hold true for the stochastic samples, because 

the Poissonôs ratios obtained are larger than 0.5. There is the largest difference between 

tensile and compressive moduli and the shear moduli for the stochastic sample. This 

difference in moduli is likely due to the lack of struts being aligned parallel to the torsional 

load, which causes low resistance to the applied force.  

Unlike moduli, there is minimal yield strength variation between the three loading 

modes, with the stochastic samples being an exception (Figures 16A-D). The stress state 

does not significantly affect the yield strength of the gyroid and octet truss samples, which 

can be attributed to the near-isotropic design of the gyroid and the three perpendicular 

planes of symmetry of the octet truss[22]. On the other hand, the stochastic structureôs yield 

strength varies greatly depending on the stress state. The variation in yield strength of the 

stochastic samples again can be explained by the directionality of the struts and their 

alignment with respect to the loading direction. Once the samples enter the plastic regime, 

the mechanical behaviors begin to be affected by the stress state more significantly 

regardless of design symmetry (Figures 17A-D). All lattice structures withstand a higher 

stress before failure under a compressive load compared to tension and torsion. This ability 

for the lattice structures to withstand higher loads under compressive forces can be 

attributed to the samples being less susceptible to any defects caused by the printing 

process, unlike in tension and torsion, where any defects become stress risers and more 

easily initiate crack opening, which is consistent with the findings of Lietaert et al. and 

Kelly et al.[31,69]
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Figure 16. Tensile, compressive, and torsional yield strength versus measured porosity of LPBF fabricated A) Co28Cr6Mo 

gyroid, B) Ti6Al4V gyroid, C) Ti6Al4V octet truss, and D) Ti6Al4V stochastic samples. Linear trendlines are fitted to the 

range of porosities of the samples explored. Error bars are included to show one standard deviation in either direction. 
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Figure 17. Tensile, compressive, and torsional peak stress versus measured porosity of LPBF fabricated A) Co28Cr6Mo 

gyroid, B) Ti6Al4V gyroid, C) Ti6Al4V octet truss, and D) Ti6Al4V stochastic samples. Linear trendlines are fitted to the 

range of porosities of the samples explored. Error bars are included to show one standard deviation in either direction. 
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The toughness describes the amount of energy the structure can absorb before 

failure and exhibits the most variation as a function of the stress state of any mechanical 

properties analyzed regardless of lattice structure (Figures 18A-D). The gyroid and 

stochastic structures exhibited the highest toughness values under compressive loading. 

The octet truss structure differs from this trend, and torsion is the stress state that absorbs 

the most energy before failure, again attributable to the alignment of the struts in the 

orientation of the unit cell utilized for these samples. Unlike the trends of the other 

mechanical properties, the gyroid and stochastic structures absorb the least amount of strain 

energy in tension.  
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Figure 18. Tensile, compressive, and torsional toughness versus measured porosity of LPBF fabricated A) Co28Cr6Mo gyroid, 

B) Ti6Al4V gyroid, C) Ti6Al4V octet truss, and D) Ti6Al4V stochastic samples. Linear trendlines are fitted to the range of 

porosities of the samples explored. Error bars are included to show one standard deviation in either direction. 
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The three porosities (65%, 75%, and 85%) gyroid universal samples were initially 

printed in just Ti6Al4V, like the octet truss and stochastic samples. It was observed that 

the gyroid could withstand applied loads more efficiently as a function of relative density 

than the other structures explored (Figures 15-18).  For this reason, the same three designed 

gyroid samples were fabricated from Co28Cr6Mo to compare the mechanical performance 

trends and effects material had on the deformation and fracture in the gyroid structure. 

When comparing the bulk material properties of Ti6Al4V and Co28Cr6Mo, it was 

expected that the modulus of the Co28Cr6Mo samples would be higher, and the yield 

strength would be lower than the Ti6Al4V samples, and this was the case for the samples 

regardless of stress state (Figures 19A-F). After the gyroid samples enter the plastic 

deformation regime, the sampleôs peak strength becomes only reliant on the lattice 

structure and porosity and less on material (Figures 19G-I). Lastly, the toughness highlights 

the ability of the Co28Cr6Mo gyroid samples to absorb more energy before failure, notably 

because of the high strain values they can obtain before failure compared to the Ti6Al4V 

gyroid samples (Figures 19J-L).  
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Figure 19. Tensile, compressive, and torsional mechanical properties (modulus, 

yield strength, peak strength, and toughness) versus measured porosity of LPBF 

fabricated Ti6Al4V gyroid, Co28Cr6Mo gyroid samples. Linear trendlines are fitted 

to the range of porosities of the samples explored. Error bars are included to show 

one standard deviation in either direction. 
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Table 4. Summary of slope, intercept, and R² values for the linear trendlines of the three porosities of the gyroid, octet truss, 

and stochastic lattice structures for tensile, compressive, and torsional monotonic loading. 

 
 Gyroid-Co28Cr6Mo  Gyroid-Ti6Al4V  Octet Truss-Ti6Al4V  Octet Truss-Ti6Al4V 

 
 Slope Intercept Rч  Slope Intercept Rч  Slope Intercept Rч  Slope Intercept Rч 

M
o
d
u
l
u
s

 Tension -0.46 43.93 1.00  -0.29 27.73 1.00  -0.31 26.68 1.00  -0.33 31.06 1.00 

Compression -0.49 45.44 0.99  -0.32 30.10 1.00  -0.29 25.27 1.00  -0.30 28.67 0.99 

Torsion -0.28 25.96 0.98  -0.14 13.15 0.98  -0.14 13.17 0.99  -0.11 9.16 0.97 

Y
i
e
l
d

 S
t
r
e
n
g
t
h

 

Tension -2.84 262.24 1.00  -5.04 456.29 1.00  -4.07 351.26 0.99  -3.93 357.51 0.99 

Compression -3.58 330.02 1.00  -5.24 480.04 0.99  -4.77 405.21 0.98  -4.77 432.38 0.99 

Torsion -2.49 234.68 1.00  -4.87 435.50 0.99  -3.68 335.94 0.99  -2.31 201.06 0.98 

 P
e
a
k
 
S
t
r
e
s
s

 

Tension -6.06 552.65 1.00  -6.33 568.62 1.00  -5.27 459.95 0.99  -4.22 386.31 1.00 

Compression -7.91 720.40 0.99  -7.16 650.37 0.99  -5.38 459.64 0.96  -6.22 559.66 0.99 

Torsion -5.33 489.93 1.00  -5.94 537.34 1.00  -5.09 455.14 0.98  -3.16 279.09 0.98 

T
o
u
g
h
n
e
s
s

 

Tension -0.48 42.15 1.00  -0.27 22.56 0.98  -0.12 11.43 0.73  -0.04 4.10 0.96 

Compression -1.47 130.51 0.98  -0.86 73.90 0.95  -0.10 9.33 0.79  -0.34 28.76 1.00 

Torsion -1.25 110.68 1.00  -0.41 36.58 0.95  -0.29 24.35 0.91  -0.11 10.75 0.99 
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An overview of the lattice structureôs material properties as a function of stress state 

is presented in Figure 20. There is a near-linear relationship between elastic modulus and 

yield strength for the various stresses states and materials represented in Figure 20. The 

overall trend illustrates that Ti6Al4V gyroid structures have higher strength values as a 

constant modulus compared to Co28Cr6Mo gyroid structures, which is consistent with the 

bulk properties of these materials. Regardless of material, the torsion samples achieve the 

highest yield stresses at given moduli values. Under tensile loading, the yield stresses are 

lowest with respect to constant modulus values.  The compressive strength at a given elastic 

modulus  falls between torsion and tension. Since this relationship between stress states 

and elastic mechanical behavior exists, it demonstrates the importance of including 

torsional and tensile mechanical characterization of lattice structures to understand the 

range of properties in porous materials.  

 



 

61 

 

Figure 20. Yield stress versus modulus of combined lattice structures separated by 

loading mode and material and fitted with linear trendlines. 

 

In the literature, most studies explore the compressive mechanical properties of 3D 

printed lattice structures to characterize their behavior to optimize their design for specific 

uses. From the data presented in this study, the ability of these structures to perform under 

compressive loading conditions is superior to other stress states. Unless the structure will 

only endure a single axial loading mode in practical applications, it is imperative to design 

the structure to withstand failure under the worst-case stress state. Since lattice structures 

are subjected to various stress states, the anisotropy of these structures and the effect of 
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orientation with respect to the loading direction becomes a significant factor in the 

mechanical performance of these structures. In practical uses, these lattices will experience 

complex loading environments, like load-bearing orthopedic implants in dynamic 

physiological loading conditions. Hence, their mechanical behavior needs to be 

characterized in all stress states to understand and mitigate potential worst-case failure 

modes.  

The three porosities (65%, 75%, and 85%) gyroid universal samples were initially 

printed in just Ti6Al4V, like the octet truss and stochastic samples. It was observed that 

the gyroid could withstand applied loads more efficiently as a function of relative density 

than the other structures explored (Figures 6-9).  For this reason, the same three designed 

gyroid samples were fabricated from Co28Cr6Mo to compare the mechanical performance 

trends and effects material had on the deformation and fracture in the gyroid structure. 

When comparing the bulk material properties of Ti6Al4V and Co28Cr6Mo, it was 

expected that the modulus of the Co28Cr6Mo samples would be higher, and the yield 

strength would be lower than the Ti6Al4V samples, and this was the case for the samples 

regardless of stress state (Figures 10A-F). After the gyroid samples enter the plastic 

deformation regime, the sampleôs peak strength becomes only reliant on the lattice 

structure and porosity and less on material (Figures 10G-I). Lastly, the toughness highlights 

the ability of the Co28Cr6Mo gyroid samples to absorb more energy before failure, notably 

because of the high strain values they can obtain before failure compared to the Ti6Al4V 

gyroid samples (Figures 10J-L).  
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Figure 21. Pareto chart of the standardized effects of porosity, stress state, lattice 

structure, and material have on the A) peak strength and B) modulus of 3D printed 

gyroid, octet truss, and stochastic Ti6Al4V, and gyroid Co28Cr6Mo samples via 

LPBF. The dashed line signifies the significance level of 95%. 

 

3.3.4 Deformation Mechanism 

Gibson-Ashby relationships (Equations 6 and 7) were used to provide insight into 

the deformation mechanisms of the lattice samples[32,51,52,66]. Literature reports that 

gyroid and octet truss structures deform predominantly under stretch-dominated 

mechanics, which explains their high strength and stiffness per unit weight 

properties[32,49,51]. Alternatively, stochastic structures fail under bend-dominated 

deformation, like bone, typically associated with more ductile, lower strength 

structures[51]. Table 5 summarizes the theoretical values calculated using the Gibson-

Ashby relationships for the parameters in this study. The exponent value (n and N) 

determined by Equation 6 and Equation 7 denotes the deformation mechanism, the more 
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linear the relationship, the more stretch-dominated the deformation mechanism[51,66]. 

The Gibson-Ashby relationships only define the deformation mechanisms for longitudinal 

loading conditions but were also applied for the torsional loading conditions in this study 

to compare the accuracy of predicting the mechanical properties[32,51,66]. The empirical 

modulus and yield values were plotted as a function of relative density in Figures 21A-C 

and 21D-F, respectively. The theoretical model was then plotted alongside the empirical 

data to show the agreement (Figure 21). The power-law fit was capable of accurately fitting 

the modulus and yield strength of all three loading conditions.  
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Table 5. Calculated power-law fit values of theoretical mechanical properties of 

each architecture under tensile, compressive, and torsional stress states. 
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 Figure 22. A) Tensile, B) compressive, and C) torsional modulus versus relative density of LPBF fabricated samples. D) 

Tensile, E) compressive, and F) torsional yield strength versus relative density of LPBF fabricated samples. Gibson-Ashby 

model fitted to each lattice structureôs empirical data. Error bars are included to show one standard deviation in either 

direction. 
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Since the Gibson-Ashby relationship has only been validated for uniaxial loading, 

only the tensile and compressive mechanical properties will be analyzed for deformation 

mechanisms[51]. However, it is noted that the torsional loaded samples follow the same 

trend as the uniaxially loaded samples. The utilization of the universal geometry 

determined that the gyroid, independent of material, performs near-stretch-dominated 

deformation in the elastic regime during tensile and compressive loading. The deformation 

starts becoming a mixed-mode of stretch- and bend-dominated once the material 

approaches the plastic deformation regime, consistent with other TPMS structures in 

literature[32,66]. Unlike results from the literature, this study shows that the octet trussôs 

performance is bend-dominated, which is likely explained by the significantly smaller strut 

diameter and larger sampling of relative density samples[49,70]. Additionally, the 

stochastic samples were expected to experience bend-dominated deformation within the 

elastic regime, which is not the case in this study[51]. The deformation behavior is 

influenced by the relationship between the strut diameter, t, and length of struts, L, where 

the stochasticsô lattice design exhibits larger strut diameters than the octet truss, so there is 

less buckling of the thicker struts under loading[49,70]. The Gibson-Ashby scaling laws 

and deformation relationships were originally developed for open cell foams, and have 

been adopted to explain lattices by the AM community. As the AM technologies for 

fabricating these lattice structures has enabled the manufacture of a wider variety of lattice 

structures at larger ranges of relative densities, the relationships should be validated 

empirically over the ranges of feasible design parameters. 
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3.4 Conclusions 

This study examined the mechanical behavior of Ti6Al4V 3D-printed sheet-based 

gyroid, strut-based octet truss, and strut-based stochastic, and Co28Cr6Mo sheet-based 

gyroid lattice structures in three physiologically relevant loading modes (tension, 

compression, and torsion) by utilizing a universal sample geometry. The universal sample 

geometry allowed isolation of the effect of the stress state on the mechanical performance 

of the aforementioned lattice structures. The key findings can be summarized as follows: 

¶ The mechanical properties of the sheet-based gyroid measured with the universal 

sample geometry as a function of stress state differ from previously observed 

mechanical behavior when utilizing different sample geometries. The variation in 

sample geometries and test setup significantly impacts the mechanical performance of 

these structures.  

¶ For Ti6Al4V samples, the gyroid lattice performs more efficiently as a function of 

relative density than the strut-based lattice structures.  

¶ Strut-based lattice structures are affected more significantly due to the directionality of 

their struts, which needs to be considered when utilizing these structures in complex 

loading environments.  

¶ Generally, lattice structures obtain higher mechanical properties under compressive 

loading than tensile and torsional loading, suggesting that these structures should be 

designed to withstand failure due to tensile or torsional loading.  
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¶ Porosity has the most significant effect in peak strength and modulus when designing 

lattice structures and must be the primary factor in design optimization for specific 

applications. 
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4. Effect of Stress State on the Representative Volume 

Elements in 3D Printed Ti6Al4V Gyroid Structures Utilizing a 

Universal Sample Geometry 

4.1 Introduction 

3D printed metallic lattice samples have gained popularity due to their practical 

application for load-bearing applications[1,2,5,12]. Laser powder bed fusion (LPBF) 

provides the capability of fabricating complex lattice structures that improve short-term 

and long-term implant stability. Short-term stability is enhanced by the surface topography 

increasing expulsion force[71]. Additionally, osseointegration occurs within the structure's 

negative space, which improves implant stability over time[1,2,4,8,72]. While there are 

many advantages to utilizing porous lattice structures for load-bearing orthopedic implants, 

to efficiently design these structures for a specific use, a way to define a representative 

sample to characterize the bulk lattice material properties must be determined.  

As the results of the study conducted in Chapter 1 provided, various lattice design 

factors can influence the mechanical performance, like the geometry of the sample and the 

number of unit cell repeats[35,73]. To characterize these lattice structures, it would be best 

practice to determine a representative sample geometry and lattice parameters that would 

accurately define the mechanical properties of a specific implant. In order to accomplish 

this feat, the representative volume lattice sample should mimic the peri-prosthetic tissue 

to avoid aseptic loosening and stress shielding [1,7]. Depending on their location, Bones 

experience tensile, compressive, torsional, bending, and shearing loading conditions[17]. 

The effect of various stress states on the ratio of sample dimensions to cell size's 
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mechanical properties needs to be determined to improve the design process of these lattice 

structures[35,73]. 

Previously, a study was conducted that defined the compressive mechanical 

properties of the free boundary effects, and representative volume elements of Ti6Al4V 

sheet-based gyroid fabricated via LPBF[35]. This study utilized a cylindrical compression 

coupon, yet from the conclusions from Chapter 1, it was determined that the utilization of 

compression coupons with compression platens introduces unwanted outside factors that 

affect the mechanical properties of these lattice structures. In the current study, the work 

done by Pham et al. was replicated and expanded upon utilizing the universal sample 

geometry[35]. The universal sample geometry allowed various ratios of the gauge cross-

section diameter to the unit cell size of the sheet-based gyroid to be tested in tension, 

compression, and torsion. Since the universal sample geometry has set dimensions, the unit 

cell size and wall thickness were varied to create a range of ratios (1, 1.5, 2, 3, 4, and 6) of 

the gauge section diameter to unit cell size, while maintaining an overall porosity of 75%. 

The samples were fabricated via LPBF with implant grade Ti6Al4V and underwent 

monotonic tensile, compressive, and torsional mechanical testing. The study determined 

representative volume requirements of sheet-based gyroid lattice structures of various 

stress states. 

4.2 Materials and Methods 

4.2.1 Sample Preparation, Fabrication, and Post-Processing 

A dogbone sample geometry with a gauge section of 12 mm diameter and 18 mm 

length was utilized to test the various lattice designs in tension, compression, and torsion 
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(Figure 23). SolidWorks (SolidWorks Corp.) was used to design the sample geometry. The 

sheet-based gyroid lattices were applied to the sample geometry with 3Dxpert (3D Systems 

Inc.). To vary the ratio of gauge section diameter to unit cell size (D/u), the overall porosity 

was held constant at 75% porosity, while the unit cell size and wall thickness were altered. 

Table 6 summarizes the lattice design parameters that produced samples with the gauge 

section diameter to unit cell size ratios of 6, 4, 3, 2, 1.5, and 1.  

 

Figure 23 A) Three view drawing of the universal sample geometry. Grey shaded 

region indicates the area in which the lattice structures were applied. All dimensions 

are in millimeters. B) Ti6Al4V sheet-based gyroid samples with cubic unit cell sizes, 

2, 3, 4, 6, 8, and 12 mm (left to right) fabricated via LPBF. 
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Table 6. Summary of the CAD defined lattice parameters of the sheet-based gyroid 

structures. D/u is the ratio of gauge section diameter to unit cell size. 

Architecture 
Unit Cell 

Size (mm) 
D/u 

Wall 

thickness 

(mm) 

Designed 

Porosity 

Gyroid 2x2x2 6 0.175 75% 

Gyroid 3x3x3 4 0.26 75% 

Gyroid 4x4x4 3 0.35 75% 

Gyroid 6x6x6 2 0.53 75% 

Gyroid 8x8x8 1.5 0.70 75% 

Gyroid 12x12x12 1 1.0 75% 

 

 

3D System's DMP ProX 320 system (3D Systems Inc.) was used to fabricate the 

samples using Ti6Al4V grade 23 powder. The samples were printed upon a titanium 

substrate in an inert Argon atmosphere. The lattice region utilized two contour scans with 

the default LT30 laser parameters of 100 W laser power, 2800 mm/s scanning speed, and 

50 µm laser focus. Alternative infill laser parameters were utilized for scanning the lattice 

gauge section to reduce internal defects [31]. The infill laser parameters were selected to 

be 145 W laser power, 1000 mm/s scanning speed, and 50 µm laser focus. Once the samples 

were fabricated, they underwent a hot isostatic pressing (HIP) treatment (895-955 °C and 

100+ MPa, for 180 ± 60 minutes and cooled to 425 °C in an inert atmosphere). Electrical 

discharge machining (EDM) removed the samples from the substrate. They were sonicated 

in water for an hour before testing to remove the loose powder from within the lattice 

region.  
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4.2.2 Mechanical Performance Characterization 

This study performed monotonic tensile, compressive, and torsional mechanical 

tests on the six uniquely designed lattice parameter samples. An MTS Landmark (MTS 

Systems Corp.) was used for tensile and compressive loading. The samples were held with 

1500 psi of pressure using hydraulic wedge grips (MTS, Series 647). A load cell of a 100 

kN axial capacity system was used to apply tensile and compressive loads at a constant 

crosshead displacement rate of 1mm/min. The force and displacement were recorded from 

the load cell. For the torsional testing, the samples were tested on a Test Resources 830 test 

frame capable of applying torque on the sample (4.4 kN axial/56 Nm torsion capacity). 

Pneumatic grips (Test Resources WT174 Series) held the samples with 50 psi of pressure. 

The samples were rotated at a constant rate of 1°/min while the load cell recorded the torque 

and rotation. Each test was run in triplicate. 

The recorded force and displacement from the monotonic tension and compression 

samples were used to calculate the longitudinal stress and strain. The recorded torque and 

rotation were used to calculate the shear stress and strain. Stress-strain plots were created 

from the recorded data and subsequently used to determine the mechanical properties of 

the lattice samples (Figure 24). Modulus was determined from the slope of the linear elastic 

region of the stress-strain curve; the yield strength was defined by the 0.2% offset method, 

and the peak stress was reported as the maximum stress value recorded before failure. 

Toughness was calculated as the area under the stress-strain curve until the point of failure, 

using the Reimann sums method. All datasets were reported as the average of three 

measurements with one standard deviation in either direction.  
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Figure 24. Representative A) Tensile, B) compressive, and C) torsional shear stress-

strain curves of Ti6Al4V cubic unit cell size (2, 3, 4, 6, 8, and 12 mm) sheet-based 

gyroid lattice samples fabricated via LPBF. 
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4.3 Results and Discussion 

The characterization process for defining the mechanical behavior of a lattice 

structure relies on the assumption that the design parameters of the sample being tested are 

representative of the bulk lattice properties. Few studies have even attempted to explore 

this topic, and those have only examined the effects of compression [35,73]. This study 

replicated and expanded this research to include tensile and torsional mechanical properties 

while also repeating the compressive empirical study using a universal sample geometry 

that avoids the unwanted interface interactions between the compression cylinders and 

compression platens observed in the results of Chapter 1. The results of this study did not 

show a clear representative volume element that would define each bulk lattice mechanical 

property (modulus, yield strength, and peak strength) for all stress states explored in this 

study.  

4.3.1 Sample Lattice Design 

Sheet-based gyroid LPBF Ti6Al4V lattice structures were applied to the universal 

sample geometry gauge section. The unit cell size was varied to evaluate the effects of the 

number of unit cell repeats across the cross-section on the mechanical behavior. A similar 

study was performed previously but only defined the compressive mechanical properties 

of the unit cell size effects of the sheet-based gyroid[35]. This study's objective was to 

expand upon that study and explore the mechanical properties of additional stress states. 

This study utilized the universal sample geometry that allowed the lattice samples to be 

tested in tension, compression, and torsion. The gyroid lattice parameters, unit cell size, 

and wall thickness were varied to maintain a constant porosity of 75%. These parameters 
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provided a range of the ratio between gauge section diameter to unit cell size (D/u) to be 

one to six. Larger ratios of D/u were not designed due to the limitations of the printer 

resolution while maintaining the 75% porosity. The effects of this relationship were 

compared to determine the representative volume that defines the bulk lattice mechanical 

properties.  

4.3.2 Mechanical Properties of Sheet-Based Gyroid Lattice Samples 

The force and displacement data and torque and rotation data were recorded during 

the tensile, compressive, and torsional tests. This data was used to calculate stress and 

strain; subsequently, stress-strain plots were created. A representative curve for each 

sample was plotted in Figure 24. All samples, regardless of stress state, entered a linear 

elastic region before yielding. The first peak stress value was recorded as the peak stress 

reported for failure in this study. As they densified, they reloaded and obtained higher stress 

values for compression samples, yet this was not considered in this study and, therefore, 

not presented in the stress-strain plots.  

Each mechanical property, modulus, yield strength, and peak stress was plotted as 

a function of unit cell size and D/u (Figures 25-27). The mechanical behavior of the three 

stress states, tension, compression, and torsion, were plotted together. First, as observed in 

Chapter 2, there was no significant difference between Young's modulus of the tensile and 

compressive samples while using the universal sample geometry (Figure 25). Stiffness 

decreases as a function of unit cell size, yet increases as a function of D/u, regardless of 

the stress state. This trend agrees with the compression results published by Pham et al.[35]. 

The results appear to saturate once the unit cell size exceeds 6 mm (Figure 25A). The trend 
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of the modulus as a function of D/u is unclear to explain a saturation point that would 

define a representative volume for the bulk lattice modulus (Figure 25 B). More samples 

with D/u greater than six would be required to determine whether the modulus plateaus. 

 

Figure 25. Tensile, compressive, and torsional modulus versus A) unit cell size and 

B) D/u of LPBF fabricated Ti6Al4V sheet-based gyroid lattice samples. The data is 

reported as an average of three replicates, and error bars are included to show one 

standard deviation in either direction. 
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The yield strength as a function of unit cell size generally has an inversely 

proportional relationship to the range of unit cell sizes studied (Figure 26A). Yield strength 

as a function of D/u in tension and compression is near-linear, where yield strength 

increases as the D/u relationship also increases (Figure 26B). The near-linear relationship 

between yield strength and D/u suggests that a saturation point that would describe a 

representative sample volume is not observed with the parameters utilized in this study. 

There is apparent convergence of yield strength when a gyroid cubic unit cell size of 12 

mm and the relationship of D/u is one is tested in all three stress states (tension, 

compression, and torsion). Although, the yield strength of D/u of 1.5 significantly 

decreases compared to the D/u of one yield strength, which creates a non-linear trend, 

unlike the tensile and compressive datasets. 
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Figure 26. Tensile, compressive, and torsional yield strength versus A) unit cell size 

and B) D/u of LPBF fabricated Ti6Al4V sheet-based gyroid lattice samples. The 

data is reported as an average of three replicates, and error bars are included to 

show one standard deviation in either direction. 

 

The stress state had the most considerable effect on the trends of peak stress as a 

function of unit cell size and D/u (Figure 27). The compressive peak strength has the most 
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significant variation with respect to the lattice design parameters, where there is 

approximately a 70% decrease in peak stress when comparing the 2 mm cubic unit cell 

versus the 12 mm cubic unit cell gyroid. Conversely, there is an insignificant difference 

between the peak strength of a gyroid with the cubic unit cell size of 2 mm versus 12 mm. 

This similarity of peak stress as a function of cubic unit cell size and D/u shows that the 

peak strength of the sheet-based gyroid is not affected by the lattice design parameters in 

tension. Instead, the overall porosity dominates the mechanical property, as shown in 

Chapter 2. The peak stress of all three stress states as a function of unit cell size saturates 

around 8 mm cubic unit cell size.  
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Figure 27. Tensile, compressive, and torsional peak stress versus A) unit cell size 

and B) D/u of LPBF fabricated Ti6Al4V sheet-based gyroid lattice samples. The 

data is reported as an average of three replicates, and error bars are included to 

show one standard deviation in either direction. 

 

The study conducted by Pham et al. determined that the sheet-based gyroid's 

compressive mechanical properties (modulus and peak stress) saturated at a ratio of sample 
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diameter to unit cell size (D/u) of ~3[35]. This result was not consistent with the findings 

of this current study. The observations from the results of Chapter 1's study showed that 

there were unintentional factors that affected the mechanical properties of compression 

samples while using compression cylinders. For this reason, the results from Pham et al. 

were affected by the interface interaction between sample and compression platens, which 

would significantly affect the results. The utilization of the universal sample geometry in 

this study allows for the pure mechanical behavior of the lattice sample to be observed. 

While Andrews et al. also utilized compression platens, the results showed that a 

ratio of D/u greater or equal to 6 was required to see saturation in closed-cell and open-cell 

metallic foams[73]. The limitations of the gauge section diameter being held constant to 

utilize the universal sample geometry, and resolution of the LPBF system, made it 

nonviable to fabricate sheet-based gyroid lattice samples with larger D/u relationships. A 

saturation point may exist but was not seen with the parameters utilized in this study. 

Additional samples with larger ratios between the gauge diameter and unit cell size would 

be required to make a firm conclusion.  

4.4 Conclusions 

Ti6Al4V sheet-based gyroid lattice samples with varying unit cell sizes and 

constant overall CAD porosity of 75% were fabricated via LPBF and subjected to tensile, 

compressive, and torsional monotonic loading conditions. A universal sample geometry 

was utilized to reduce the additional influential factors affecting mechanical behavior. This 

study explored the effects of stress state on the mechanical properties with respect to the 
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relationship between gauge diameter and unit cell size (D/u). The key findings can be 

summarized as follows:  

¶ The stress state had the most considerable effect on the trends of peak stress of sheet-

based gyroid lattice structures as a function of D/u.  

¶ No clear saturation points could be determined of any mechanical properties (modulus, 

yield strength, and peak stress) as a function of D/u to define the bulk lattice mechanical 

behavior within the range of parameters explored in this study.  
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5. Effect of Stress States on the Mechanical Behavior of 3D 

Printed Ti6Al4V Sheet-Based Gyroid Lattice Structures with 

Functionally Graded Porosity Fabricated via Laser Powder 

Bed Fusion  

5.1 Introduction 

Medical device companies have begun utilizing 3D printing technologies for load-

bearing orthopedic applications to reduce the occurrence of implant 

instability[1,2,12,15,16,64]. Laser Powder Bed Fusion (LPBF) 3D printing method enables 

the ability to print porous metallic lattice structures, a capability that is not achievable by 

traditional machining methods[12]. These porous lattice structures can manipulate the bulk 

material's mechanical properties by varying the lattice design parameters to reduce the 

mechanical mismatch between the implant material and peri-prosthetic bone tissue and to 

avoid stress-shielding[4,5,7,8,11,12,17,18,42,46,72]. Additionally, the negative space 

between the lattice structure allows for osseointegration to occur throughout the structure 

to aid in long-term implant stability[7,8,16,46,74,75]. Lattice design parameters, like 

structure, overall porosity, pore size, unit cell size, and material, determine the mechanical 

properties and osteointegration capabilities[42,75ï77].  

Recent advances in CAD lattice generation software have allowed more freedom 

in designing more intricate lattice structure designs. 3D printed functionally graded lattice 

structures can vary parameters, including porosity, unit cell size, and structure, which have 

recently gained popularity[78,79]. The applied gradient adds additional modifiable 

parameters to better mimic bone's mechanical properties. The previous study showed that 

uniform lattice samples have a linear relationship between mechanical properties 
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(modulus, yield strength, peak stress, and toughness) and overall porosity, regardless of the 

stress state. The addition of a gradient, and the orientation of the gradient, change the stress 

distribution and fracture behavior of the gradients and needs to be empirically validated to 

understand the trends in mechanical behavior[26,36,80ï92].  

To characterize the functionally graded lattice structures to determine their 

applicability for orthopedic utilization, they must be subjected to physiologically relevant 

loads. Depending on implant location, these structures regularly experience bending, 

compressive, shearing, tensile, and torsional stress states[8,17,72]. While few studies have 

explored the mechanical properties of these functionally graded lattice structures, they have 

only characterized them in compression[26,36,80ï92]. Most of these compression studies 

have analyzed gradients parallel to the applied force, which has shown a significant 

reduction in mechanical properties when compared to uniform lattice structures of 

equivalent overall porosity[26,36,80,81,83ï85,87,89ï92]. Contrarily, literature has 

reported that, in compression, the few studies that investigated gradients orthogonal to the 

applied load showed that they achieved similar or improved mechanical properties 

compared to uniform lattice parameters of equivalent overall porosity[80,82,84,86,88]. In 

order to efficiently integrate functionally graded lattice structures into load-bearing 

orthopedic implants, it is imperative to understand the mechanical behavior in 

environments similar to the physiological conditions they will experience. For this reason, 

additional empirical characterization of these structures should be performed in various 

stress states in addition to compression.  
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This study used a universal sample geometry to examine the mechanical behavior 

of LPBF fabricated Ti6Al4V functionally graded porosity sheet-based gyroid for tensile, 

compressive, and torsional stress states. Functionally graded and discrete porosity region 

samples were tested, and the mechanical properties (modulus, yield strength, peak stress, 

and toughness) were compared to differentiate the effects between the porosity gradient 

and the effect of the porosity variation. Additionally, this study explores the effect of 

porosity gradient and discrete porosity region orientation, parallel or orthogonal to the 

applied force, on the tensile, compressive, and torsional mechanical behavior. These 

functionally graded and discrete block region porosity samples' mechanical properties were 

characterized and evaluated against uniform samples of equivalent overall porosity. 

5.2 Materials and Methods 

5.2.1 Sample Lattice Structure Design 

A universal sample geometry, designed in SolidWorks (SolidWorks Corp.), was 

utilized for monotonic tension, compression, and torsion testing (Figure 28A). The gyroid 

lattice regions were designed using nTop (nTopology Inc.) and applied to the cylindrical 

gauge section of the universal sample. The CAD files were exported from nTopology as 

STL files to be uploaded to 3Dxpert (3D Systems Inc.), which is compatible with the 

system used to fabricate the parts. Three meshes were created, one for each solid paddle 

and one for the gauge section. To ensure the smooth transition between the gauge section 

mesh and the solid paddle region meshes, the gauge section was designed to overlap the 

solid paddle region by 0.25 mm. Once the lattice was applied to the gauge section and the 
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meshes were exported, the STL files were uploaded to 3Dxpert, where the mesh was 

automatically regenerated.  

  The gyroid's unit cell size of 4 mm x 4 mm x 4 mm remained constant for each 

sample in this study, while the wall thickness was modified to vary the porosity. Gyroid 

lattice parameters were designed to achieve a porosity of 85% and 65%, Figure 28B and 

Figure 28C, respectively. This study analyzed three general categories of samples: uniform, 

block, and gradient porosity. The uniform and block porosity samples were composed of 

discrete regions of  85% and 65% porosity gyroid parameters. For the gradient samples, 

porosity was graded linearly across a specified distance to range between 85% to 65% by 

varying the wall thickness and keeping the unit cell size constant (Figure 28D).  
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Figure 28. A) Three view drawing of the universal sample geometry. Grey shaded 

region indicates the area in which the lattice structures were applied. All dimensions 

are in millimeters. Single unit cell of B) 85% porous and C) 65% porous TPMS 

gyroid. D) Linear gradient of gyroid lattice structure ranging from 65% to 85% porous.  

 

Two uniform porosity samples with a constant wall thickness were designed to act 

as a reference for the block and gradient porosity samples. These samples act as the upper 

and lower bounds of the overall porosities explored in this study. The high porosity sample 

was designed to be 85% porous, and the low porosity sample was designed to be 65% 

porous, Figure 29A and Figure 29C, respectively. The lattice design parameters utilized 

for these samples can be found in Table 7.  
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Figure 29. A) CAD designed 4 mm x 4 mm x 4mm unit cell gyroid uniform 85% 

porous sample. B) Ti6Al4V 4 mm x 4 mm x 4 mm gyroid uniform 85% porous 

sample fabricated via LPBF. C) CAD designed 4 mm x 4 mm x 4mm unit cell gyroid 

uniform 65% porous sample. B) Ti6Al4V 4 mm x 4 mm x 4 mm gyroid uniform 

65% porous sample fabricated via LPBF. 
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Table 7. Summary of the CAD defined parameters for the Uniform porosity 

samples. 

Sample 

Code 
Architecture 

Unit Cell 

Size (mm) 

Designed 

Porosity 

(%) 

Wall 

Thickness 

(mm) 

Gauge 

Length 

(mm) 

U85 Gyroid 4x4x4 85.01 0.308 18 

U65 Gyroid 4x4x4 64.86 0.72 18 

 

 

The next category of samples is the Parallel Block (PB) samples. The parallel 

nomenclature refers to the orientation of the porosity regions with respect to the applied 

uniaxial force, for tension and compression, and torque, for torsion. These samples' gauge 

section was designed with three regions, a middle region (hm) and two adjacent regions (ha) 

above and below the middle region (Figure 30A). The hm region was a uniform 85% 

porosity, and the ha regions were a uniform 65% porosity with a discrete interface between 

the different porosity regions (Figure 30B). The sum of the three regions' gauge lengths 

was 18 mm. The hm length was varied from 0.25 mm to 16 mm, and the ha length was 

calculated as  

Ὤ
  

   Equation 9 

The summary of the various Parallel Block sample parameters can be found in Table 8.  
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Figure 30. . A) CAD designed Parallel Block sample denoted with hm and ha regions. 

B) CAD designed Parallel Block 4 mm x 4 mm x 4 mm unit cell gyroid 85% porous 

hm region and 65% porous ha regions. C) Ti6Al4V Parallel Block 4 mm x 4 mm x 4 

mm unit cell gyroid 85% porous hm region and 65% porous ha regions fabricated 

via LPBF. 
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Table 8. Summary of the CAD defined parameters for the Parallel Block porosity 

samples. 

Sample 

Code 
Architecture 

Unit Cell 

Size 

(mm) 

Designed 

Porosity 

(%) 

hm (mm) ha (mm) 

 hm Wall 

Thickness 

(mm) 

ha Wall 

Thickness 

(mm) 

PB 0.25 Gyroid 4x4x4 65.34 0.25 8.725 0.308 0.72 

PB 0.5 Gyroid 4x4x4 65.62 0.5 8.25 0.308 0.72 

PB 1.0 Gyroid 4x4x4 66.24 1 8.5 0.308 0.72 

PB 2.0 Gyroid 4x4x4 67.59 2 8 0.308 0.72 

PB 4.0 Gyroid 4x4x4 69.32 4 7 0.308 0.72 

PB 8.0 Gyroid 4x4x4 73.80 8 5 0.308 0.72 

PB 16.0 Gyroid 4x4x4 82.77 16 1 0.308 0.72 

 

 

The Orthogonal Block (OB) porosity samples consisted of a gauge section with a 

central region (di) and an outer region (Figure 31A). The orthogonal nomenclature refers 

to the orientation of the porosity regions with respect to the applied uniaxial force, for 

tension and compression, and torque, for torsion. The di region's diameter varied from 1 

mm to 11 mm, and a supplemental outer region encircled the di region to make the 

cylindrical gauge section 12 mm in diameter (Figure 31A). There were two subset groups 

of the OB samples, OB85 and OB65, Figure 31B and Figure 4C, respectively. The OB85 

samples' di region was a uniform 85% porous, surrounded by a 65% porous outer region 

(Figure 31B). The OB65 samples were the opposite, with a 65% porous di region and an 

85% porous outer region (Figure 31C). The summary of the OB samples' parameters can 

be found in Table 9. 
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Figure 31. . A) Cross-section of the CAD designed universal sample geometryôs 

gauge section of the Orthogonal Block porosity sample denoted with di region. B) 

CAD designed Orthogonal Block 4 mm x 4 mm x 4 mm unit cell gyroid 85% porous 

di region and 65% porous outer region. C) CAD designed Orthogonal Block 4 mm x 

4 mm x 4 mm unit cell gyroid 65% porous di region and 85% outer region. D) 

Ti6Al4V Orthogonal Block 4 mm x 4 mm x 4 mm unit cell gyroid 85% porous di 

region and 65% porous outer region fabricated via LPBF. E) Ti6Al4V Orthogonal 

Block 4 mm x 4 mm x 4mm unit cell gyroid 65% porous di region and 85% outer 

region fabricated via LPBF. 
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Table 9. Summary of the CAD defined parameters for the Orthogonal Block 

porosity samples. 

 

Sample 

Code 
Architecture 

Unit Cell 

Size (mm) 

Designed 

Porosity 

(%) 

 di Wall 

Thickness 

(mm) 

Outer 

Region 

Wall 

Thickness 

(mm) 

di (mm) 

OB65 1.0 Gyroid 4x4x4 84.96 0.72 0.308 1 mm 

OB85 1.0 Gyroid 4x4x4 65.08 0.308 0.72 1 mm 

OB65 2.0 Gyroid 4x4x4 84.56 0.72 0.308 2 mm 

OB85 2.0 Gyroid 4x4x4 65.49 0.308 0.72 2 mm 

OB65 4.0 Gyroid 4x4x4 82.88 0.72 0.308 4 mm 

OB85 4.0 Gyroid 4x4x4 67.16 0.308 0.72 4 mm 

OB65 8.0 Gyroid 4x4x4 76.18 0.72 0.308 8 mm 

OB85 8.0 Gyroid 4x4x4 73.83 0.308 0.72 8 mm 

OB65 9.0 Gyroid 4x4x4 73.74 0.72 0.308 9 mm 

OB85 9.0 Gyroid 4x4x4 73.63 0.308 0.72 9 mm 

OB65 10.0 Gyroid 4x4x4 71.11 0.72 0.308 10 mm 

OB85 10.0 Gyroid 4x4x4 78.87 0.308 0.72 10 mm 

OB65 11.0 Gyroid 4x4x4 68.24 0.72 0.308 11 mm 

OB85 11.0 Gyroid 4x4x4 81.80 0.308 0.72 11 mm 

 

 

The Parallelly Graded (PG) porosity samples utilized nTopology's linear function 

to grade the porosity over a set distance (Figure 28D). The parallel nomenclature refers to 

the orientation of the porosity gradient with respect to the applied uniaxial force for tension 

and compression and torque for torsion. In this case, the universal sample geometry's gauge 

section was separated into halves so that the gradient could vary across opposite directions. 

First, the PG85 sample set the 4 mm x 4mm x 4mm gyroid lattice parameters for 85% 

porosity in the middle and linearly graded to 65% porosity across the 6 mm to the top and 
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bottom of the gauge section (Figure 32A). Next, the PG65 sample is the inverse, with the 

65% porosity gyroid lattice parameters in the middle and graded linearly to 85% porosity 

towards the top and bottom (Figure 5C). The lattice parameters utilized for the PG samples 

can be found in Table 10. 
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Figure 32. A) CAD designed Parallelly Graded 4 mm x 4 mm x 4 mm unit cell 

gyroid 85% porosity middle region linearly graded to 65% porosity on the top and 

bottom of the gauge section. B) Ti6Al4V Parallelly Graded 4 mm x 4 mm x 4 mm 

unit cell gyroid 85% porosity middle region linearly graded to 65% porosity on the 

top and bottom of the gauge section fabricated via LPBF. C) CAD designed 

Parallelly Graded 4 mm x 4 mm x 4 mm unit cell gyroid 65% porosity middle region 

linearly graded to 85% porosity on the top and bottom of the gauge section. D) 

Ti6Al4V Parallelly Graded 4 mm x 4 mm x 4 mm unit cell gyroid 65% porosity 

middle region linearly graded to 85% porosity on the top and bottom of the gauge 

section fabricated via LPBF. 

 

Table 10. Summary of the CAD defined parameters for the Parallelly Graded 

porosity samples. 

Sample 

Code 
Architecture 

Unit Cell 

Size (mm) 

Designed 

Porosity 

(%) 

Middle 

Region Wall 

Thickness 

(mm) 

Top/Bottom 

Region Wall 

Thickness 

(mm) 

PG65 Gyroid 4x4x4 74.95 0.72 0.308 

PG85 Gyroid 4x4x4 74.97 0.308 0.72 

 

 

The Orthogonally Graded (OG) porosity samples utilized a linear function to grade 

the porosity from the center of the cross-section of the gauge section's diameter to the outer 

surface (Figure 33A and Figure 33D). The orthogonal nomenclature refers to the 

orientation of the porosity gradient with respect to the applied uniaxial force, for tension 

and compression, and torque, for torsion. There were two designs of OG porosity samples, 

one, OG65, where the center was set to 65% porosity and the outer surface was set to 85% 

porosity gyroid lattice parameters (Figure 33B), and two, OG 85, where the center was set 

to 85% porosity and the outer surface was set to 65% porosity gyroid lattice parameters 

(Figure 33C). The lattice parameters of the OG porosity samples can be found in Table 11.  
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Figure 33. A) Cross-section of the CAD designed universal sample geometryôs gauge 

section of the Orthogonally Graded porosity sample with the center set to be 65% 

porosity and the outer edge set to be 85% porosity gyroid lattice parameters. B) 

CAD designed Orthogonally Graded 4 mm x 4 mm x 4 mm unit cell gyroid 85% 

porous center region linearly graded outwards to a 65% porous outer surface. C) 

CAD designed Orthogonally Graded 4 mm x 4 mm x 4 mm unit cell gyroid 65% 

porous center region linearly graded outwards to an 85% porous outer surface. D) 

Ti6Al4V Orthogonally Graded 4 mm x 4 mm x 4 mm unit cell gyroid 65% porous 

center region linearly graded outwards to an 85% porous outer surface fabricated 

via LPBF. E) Ti6Al4V Orthogonally Graded 4 mm x 4 mm x 4 mm unit cell gyroid 

85% porous center region linearly graded outwards to a 65% porous outer surface 

fabricated via LPBF. 
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Table 11. Summary of the CAD defined parameters for the Orthogonally Graded 

porosity samples. 

Sample 

Code 
Architecture 

Unit Cell 

Size (mm) 

Designed 

Porosity 

(%) 

Inner 

Region 

Wall 

Thickness 

(mm) 

Outer 

Region 

Wall 

Thickness 

(mm) 

OG65  Gyroid 4x4x4 78.32 0.72 0.308 

OG85 Gyroid 4x4x4 71.58 0.308 0.72 

 

 

The last category of samples, the Parallel Block Graded (PBG) porosity samples, 

combined the Parallel Block porosity sample and the Parallelly Graded porosity sample 

design. The parallel nomenclature refers to the orientation of the porosity gradient with 

respect to the applied uniaxial force for tension and compression and torque for torsion. 

Three PBG porosity samples utilized the universal sample geometry and varied the lattice 

parameters within the middle 1mm of the gauge section. On the top and bottom 8.5 mm of 

the gauge section, the lattice parameters were uniform 65% porosity 4 mm x 4 mm x 4 mm 

unit cell gyroid (Figures 34A, 35A, and 36A). First, PBG 0.25 had the middle 0.25 mm of 

the gauge section set at 85% porosity 4 mm x 4 mm x 4 mm unit cell gyroid (Figure 34A). 

Above and below the middle section, 0.375 mm thick, that was linearly graded gyroid that 

continuously graded the 85% porosity middle block section to the 65% porous top and 

bottom sections (Figure 34B). The other two PGB porosity samples are similar; they just 

varied the dimensions of the middle 85% porosity block section and the adjacent linearly 

graded sections. PGB 0.5 had a 0.5 mm 85% porous gyroid middle section with 0.25 mm 

adjacent linearly graded gyroid sections continuously graded from 85% porosity at the 
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middle section to 65% porosity at the top and bottom sections (Figure 35A and 35B). PGB 

0.75 had a 0.75 mm 85% porosity middle region with 0.125 mm linearly graded sections 

that continuously graded the 85% porosity middle region to the 65% porosity top and 

bottom sections (Figures 36A and 36B). The summary of the lattice parameters of the PBG 

samples can be found in Table 12.  
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Figure 34. A) CAD designed PBG 0.25 sample with porosity region dimensions. The 

porosity variation region is 1.0 mm located in the middle of the gauge section. The 

1.0 mm region consists of a middle region that is 0.25 mm with adjacent regions of 

0.375 mm. The 1.0 mm region is sandwiched between two 8.5 mm regions that 

connect to the solid paddle regions. B) CAD designed PBG 0.25 sample with applied 

4 mm x 4 mm x 4 mm gyroid lattice with varying porosity. The middle 0.25 mm 

region is 85% porosity with linearly graded porosity that transitions the 85% 

porous middle region to the 65% porous top and bottom region over 0.375 mm. C) 

Ti6Al4V PBG 0.25 4 mm x 4 mm x 4 mm unit cell gyroid fabricated via LPBF. 



 

103 

 

Figure 35. A) CAD designed PBG 0.5 sample with porosity region dimensions. The 

porosity variati on region is 1.0 mm located in the middle of the gauge section. The 

1.0 mm region consists of a middle region that is 0.5 mm with adjacent regions of 

0.25 mm. The 1.0 mm region is sandwiched between two 8.5 mm regions that 

connect to the solid paddle regions. B) CAD designed PBG 0.5 sample with applied 4 

mm x 4 mm x 4 mm gyroid lattice with varying porosity. The middle 0.5 mm region 

is 85% porosity with linearly graded porosity that transitions the 85% porous 

middle region to the 65% porous top and bottom region over 0.25 mm. C) Ti6Al4V 

PBG 0.5 4 mm x 4 mm x 4 mm unit cell gyroid fabricated via LPBF. 
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Figure 36. A) CAD designed PBG 0.75 sample with porosity region dimensions. The 

porosity variation region is 1.0 mm located in the middle of the gauge section. The 

1.0 mm region consists of a middle region that is 0.75 mm with adjacent regions of 

0.125 mm. The 1.0 mm region is sandwiched between two 8.5 mm regions that 

connect to the solid paddle regions. B) CAD designed PBG 0.5 sample with applied 4 

mm x 4 mm x 4 mm gyroid lattice with varying porosity. The middle 0.75 mm 

region is 85% porosity with linearly graded porosity that transitions the 85% 

porous middle region to the 65% porous top and bottom region over 0.125 mm. C) 

Ti6Al4V PBG 0.75 4 mm x 4 mm x 4 mm unit cell gyroid fabricated via LPBF. 
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Table 12. Summary of the CAD defined parameters for the Parallel Block Graded 

porosity samples. 

Sample 

Code 
Architecture 

Unit 

Cell 

Size 

(mm) 

Designed 

Porosity 

(%) 

Middle 

Region 

Wall 

Thickness 

(mm) 

Top/Bottom 

Region 

Wall 

Thickness 

(mm) 

Middle 

Region 

Gauge 

Length 

(mm) 

Top/Bottom 

Region 

Gauge 

Length 

(mm) 

Gradient 

Region 

Gauge 

Length 

(mm) 

PBG 

0.25 
Gyroid 4x4x4 65.72 0.308 0.72 0.25 8.5 0.375 

PBG 

0.5 
Gyroid 4x4x4 65.57 0.308 0.72 0.5 8.5 0.25 

PBG 

0.75 
Gyroid 4x4x4 65.59 0.308 0.72 0.75 8.5 0.125 

 

5.2.2 Fabrication and Post-Processing 

The samples were fabricated via LPBF with a 3D Systems DMP ProX 320 system 

(3D Systems Inc.). The samples were printed upon a titanium substrate in the orientation 

denoted in Figure 1A with Ti6Al4V grade 23 powder in an inert Argon atmosphere. The 

lattice region scan pattern consisted of two contour scans followed by a raster infill 

scan[31]. The contour scans utilized the default lattice laser parameters, which are 100 W 

laser power, 2800 mm/s scanning speed, and 50 µm laser focus. The infill scan laser 

parameters were amended to 145 W laser power, 1000 mm/s scanning speed, and 50 µm 

laser focus. The refined infill laser parameters were found to reduce internal defects, as 

reported by Kelly et al.[31]. Additionally, the samples underwent a hot isostatic pressing 

(HIP) treatment (895-955 °C and 100+ MPa, for 180 ± 60 minutes and cooled to 425 °C in 

an inert atmosphere) to reduce residual stress further[39]. The samples were then removed 

from the build surface with electrical discharge machining (EDM) and sonicated for one 

hour in water before being tested.  
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5.2.3 Printed Porosity Verification  

The universal samples' porosity was validated to determine the printing accuracy 

of the gyroid lattice parameters utilized in this study. After post-processing, the EDM was 

used to separate the lattice gauge section from U85 and U65 samples from the solid paddle 

regions and then sonicated for an hour to remove any loose powder. The samples were air-

dried to ensure no water from the sonication process was retained within the pores of the 

lattice. Once the lattice regions were sufficiently dried, they were weighed, the dimensions 

were measured, a mass fraction was calculated (density of 4.42 g/cm³), and the printed 

porosity was determined.  

5.2.4 Mechanical Performance Characterization 

The universal sample geometry was utilized to test the various lattice designs under 

monotonic tensile, compressive, and torsional loading. The tensile and compressive 

samples were held in place with hydraulic wedge grips (MTS, Series 647) with 1500 psi 

of pressure. The axial load was applied at a constant crosshead displacement rate of 1 

mm/min (MTS Landmark, 100 kN axial capacity). The torsion samples were tested on a 

Test Resources 830 test frame with an appropriate load cell (4.4 kN axial/56 Nm torsion 

capacity or 44 kN axial/680 Nm torsion capacity). The samples were gripped with 50 psi 

of pressure with pneumatic grips (Test Resources WT174 Series) while rotated at a 

constant rate of 1°/min. For tension and compression, the applied force and crosshead 

displacement were recorded from the load cell. The applied torque and rotation were 

recorded for torsion from the load cell. Each test was run in triplicate.  
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The recorded applied force and axial displacement calculated uniaxial stress and 

strain for the tension and compression samples. The recorded torque and rotation data were 

used for the torsion samples to calculate the shear stress and strain. The uniaxial and shear 

stress and strain were used to create stress-strain curves for each dataset. The stress-strain 

curves were used to obtain the modulus, yield strength, and modulus of toughness. 

Modulus was reported as the slope of the linear elastic region of the stress-strain curve, the 

yield strength was determined using the 0.2% offset method, and the modulus of toughness 

was computed as the area under the stress-strain curve until failure. The Reimann Sums 

method was used to calculate the area under the curve. The data is reported as the average 

± the standard deviation of the three replicates. 

5.3 Results and Discussion 

Advances in CAD technologies have made creating increasingly complex lattice 

structures easily accessible. Functionally graded lattice parameters have recently become 

popular, but the mechanical properties of these types of structures have only been analyzed 

in compression. This study utilized a sample geometry that allowed testing these samples 

in tension, compression, and torsion. Additionally, this study tested both functionally 

graded and block porosity region samples parallel and orthogonal to the applied force to 

determine whether the mechanical behavior is attributed to the porosity variation or a result 

of the transition between porosity regions. It has been observed previously that lattice 

samples in compression are less susceptible to defects because of the densification 

behavior. For this reason, it is imperative to also characterize these complex lattice designs 

in tension and torsion, which are more susceptible to crack initiations due to defects[20,69]. 
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5.3.1 Lattice Region Design 

The lattice regions were applied to the gauge section of a universal sample 

geometry designed to perform tensile, compressive, and torsional mechanical testing 

(Figure 28A). First, uniform porosity samples were designed to use as a reference to 

compare the block and gradient porosity samples. In previous studies, it was observed that 

regardless of stress state, all mechanical properties explored (modulus, yield strength, peak 

stress, and toughness) all have a linear relationship as a function of porosity. For this 

reason, the upper and lower bounds of the porosities explored in this study, 65% and 85%, 

were designed, and all subsequent samples' overall porosity can be compared to the 

interpolated values of these uniform samples (Figure 29). It was determined that the 4 mm 

x 4 mm x 4 mm gyroid with a wall thickness of 0.72 mm created a gauge section of 65% 

CAD porosity, and a wall thickness of 0.308 mm created a gauge section of 85% CAD 

porosity (Table 7). These wall thicknesses were used to design the additional samples.  

While designing these initial samples using nTop, the samples were broken into 

three separate bodies, the two solid paddle regions, and the gauge section, so that different 

laser parameters could be assigned to each object. It was discovered that regardless of the 

mesh size used to create the exported STL part file, there was an incohesive interface 

between the gauge section and the solid paddle regions. For this reason, an overlap of 0.25 

mm of the gauge section was added to the solid region to ensure that the transition from 

the lattice region to the solid region was uninterrupted. Once the STL was uploaded into 

the 3Dxpert software, the mesh was automatically resized. Also, once the part was assigned 

laser parameters and sliced, the laser path was examined and determined that the solid 
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region's laser parameters override the overlapping lattice region's laser parameters, so the 

laser does not scan any area more than once.  

The objective of this study was to determine the effect of linear porosity gradients 

on the mechanical properties of gyroid lattice structures. However, the mechanism that 

drives the mechanical behavior must be understood, whether it is the variation in overall 

porosity or how the porosity is varied. The block porosity (PB and OB) samples were 

designed to determine the effect of the abrupt transition between varied porosity regions 

and determine if a linear gradient affects the properties differently (Figure 30 and Figure 

31). Since these samples were intended to undergo tensile and torsional testing, the parallel 

samples were designed with the high porosity region (85%) in the middle with the lower 

porosity region (65%) on either side (Figure 30). This configuration was used to ensure the 

actual performance of the interaction between the different porosity regions and not the 

interaction between the transition from the 85% porous region and solid paddle region, 

which has been shown in previous studies to be a weak interface.  

Next, the linear porosity gradient (PG and OG) samples were designed (Figure 32 

and Figure 33). First, the universal sample geometry's gauge section was split into two 

separate bodies using SolidWorks so that the porosity could be graded from the middle 

towards the solid paddle regions in both directions, similar to the PB samples. The two 

gauge section bodies were combined with a boolean union with a rounded blend radius 

before the mesh was created, so the transition between the separate halves was continuous. 

A single gauge section body was utilized for the OG samples. A scalar field ramp with 
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geometric continuity was used to create the linear porosity gradients, from 65% to 85% 

porosity, for both the PG and OG samples.  

Af ter testing the aforementioned samples, it was noticed that the PB samples with 

the middle region, hm, less than 1 mm had only a slight decrease in mechanical properties 

compared to uniform samples of equivalent porosity. To determine if the mechanical 

properties could be improved by introducing a gradient in the place of the abrupt porosity 

transition of the PB samples, the PBG samples were designed (Figures 34-36). For the three 

samples, the middle 1 mm was varied, while the top and bottom regions were kept at a 

uniform 65% porosity. Five separate regions were created within the gauge section of the 

PBG samples, the top 65% porosity region, bottom 65% porosity region, middle 85% 

porosity region, and two adjacent gradient regions between the 65% and 85% porosity 

regions. The PBG 0.25, PBG 0.5, and PBG 0.75 had uniform 85% porosity middle regions 

of 0.25 mm, 0.5 mm, and 0.75 mm respectively. The adjacent regions to the middle 85% 

porosity region were linearly graded to the 65% porosity regions. The five separate gauge 

section regions were combined with a boolean union with a rounded blend radius before 

the mesh was created to ensure a smooth transition between the various lattice parameters.  

5.3.2 Structural Characterization 

A visual inspection and dry-weighing evaluated the printability of the lattice 

structures. The samples were printed with no obvious macroscopic defects. The uniform 

porosity samples, U65 and U85, were dry-weighed to determine the accuracy of the CAD 

versus the printed porosity. The printed porosity of the U65 sample was measured to be 

58.2 ± 0.1% porosity, and the U85 sample was measured to be 76.8 ± 0.0% porosity. The 
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discrepancy between the CAD porosity and printed porosity is typically caused by the 

adhesion of loose powder on the part's surface as the melt pool cools[93]. Previous studies 

have shown that porosity has the most significant impact on the mechanical behavior of 

lattice structures, so it is vital to account for the actual porosity when characterizing the 

mechanical properties of these structures. While it would be ideal to dry-weigh and report 

each of the printed porosities of the sample designs explored in this study, the design of 

the parallel lattice samples would not allow for accurate measurements due to losing part 

of the porous section during the EDM process. For this reason, the CAD-designed porosity 

will be utilized to report the mechanical properties of the samples in this study.  

5.3.3 Mechanical Properties of Lattice Samples 

The force and displacement data from the tension and compression tests and the 

torque and rotation data from the torsion tests were used to calculate uniaxial stress and 

strain and shear stress and strain, respectively. Stress-strain curves were plotted and used 

to determine the modulus, yield strength, peak stress, and modulus of toughness. The first 

peak was used for compression samples to report the peak stress. The compression samples 

reload and can achieve higher stresses once the structure collapses and densifies, but the 

first fracture plane was considered failure in this study. It was also observed that the OB65 

4.0 and OG85 porosity samples fractured at the interface between the gauge section and 

solid region during tension and torsion testing.  

The mechanical properties of the samples were plotted as a function of the CAD 

porosity (Figures 37-40). Previous studies have shown that regardless of stress state 

(tension, compression, and torsion), the gyroid's mechanical properties (modulus, yield 
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strength, peak stress, and toughness) have a near-linear trend that is inversely related to 

porosity. For this reason, a linear trendline for the uniform porosity samples is plotted to 

show this relationship.  

Parallelly and orthogonally oriented block and gradient porosities are shown to 

have a minimal effect on modulus (Figure 37). There is a slight decrease in modulus values 

with PB and PBG samples compared to gyroid samples with an equivalent uniform 

porosity. PG, OB65, OB85, and OG samples' stiffness performs similarly to gyroid samples 

with an equivalent uniform porosity. It is also noted that all samples' modulus analyzed 

perform comparably in tension and compression, which is consistent with what has been 

observed in uniform porosity gyroid samples. Additionally, the gyroid structure was shown 

to exhibit a uniaxial modulus that is approximately twice as large as the shear modulus 

because of its property of near-zero Poisson's ratio. That property is maintained for all 

categories of gyroid porosity samples explored in this study.  
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Figure 37. A) Tensile, B) compressive, and C) shear modulus values of LPBF fabricated Ti6Al4V parallelly oriented  samples 

versus CAD porosity with uniform porosity gyroid values fitted with a linear trendline. D) Tensile, E) compressive, and F) 

shear modulus values of LPBF fabricated Ti6Al4V orthogonally oriented samples versus CAD porosity with uniform porosity 

gyroid values fitted with a linear trendline. Error bar s are included to show one standard deviation in either direction. 
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Next, yield strength was analyzed for the various categories of samples (Figure 38). 

While samples with porosity variation orthogonal to the applied force or torque had a 

minimal effect on the yield strength compared to gyroid samples with equivalent uniform 

porosity, this was not the case for parallelly oriented samples. These results are consistent 

with the mechanical behavior of published results investigating porosity gradient samples 

under compression[80]. In tension, PB samples with the middle 85% porous region less 

than 4 mm thick fractured brittlely before they yielded; hence no values were recorded for 

those samples (Figure 38A). Regardless of the stress state, the yield strength of the PB, PG, 

and PBG samples significantly decreased compared to uniform gyroid porosity samples of 

similar overall porosity (Figure 38A-38C). The parallel linearly graded porosity (PG) 

samples have slightly increased strength compared to the parallel blocked porosity (PB) 

samples of similar porosity. However, it is clear that when a lower porosity region is 

integrated into to lattice region, parallel to the applied force or torque, it introduces a weak 

plane where layer-by-layer deformation initiates, regardless of the stress state[80,92].  
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Figure 38. A) Tensile, B) compressive, and C) torsional yield strength values of LPBF fabricated Ti6Al4V parallelly oriented 

samples versus CAD porosity with uniform porosity gyroid values fitted with a linear trendline. D) Tensile, E) compressive, 

and F) torsional yield strength values of LPBF fabricated Ti6Al4V orthogonally oriented samples versus CAD porosity with 

uniform porosity gyroid values fitted with a linear trendline. Error bars are included to show one standard deviation in either 

direction. 














































