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1 Abstract 

Additively manufactured lattice truss structures, often referred to as architected cellular materials, present 
significant advantages over conventional structures due to their unique characteristics such as high strength-to-
weight ratios and surface area-to-volume ratios. These geometrically complex structures, however, come with 
concomitant challenges for qualification and inspection. In this study, compression testing interrupted with micro-
computed tomography inspection was conducted to monitor the evolution of global and local deformation 
throughout the loading process of 304L stainless steel octet truss lattice structures. Both two- and three-
dimensional image analysis techniques were leveraged to characterize geometric heterogeneities resulting from 
the laser powder bed fusion manufacturing process as well as track the structure throughout deformation. 
Variations from model-predicted behavior resulting from these heterogeneities are considered relative to the 
predicted and actual responses of the structures during compression to better understand, model, and predict the 
octet truss lattice structure compression response. 

2 Introduction 

Additively manufactured (AM) lattice truss structures, often referred to as architected cellular materials, present 
significant advantages over conventionally manufactured structures due to their high strength-to-weight ratios 
and tailorable properties [1–3]. This makes them of particular interest for aerospace applications, which often 
seek to minimize weight, and for medical applications for their tailorable properties and osteointegration 
capability [2,4]. Within the category of cellular structures, lattices are often favorable when compared to 
stochastic structures, more commonly known as foams, in large part because of the increased geometric control 
available for AM processes compared to foaming processes. However, AM surface textures are still far more 
complex than machined components [2]. Recent advances in metal additive manufacturing related to dimensional 
accuracy and repeatability have resulted in increased research interest in the use of lattice structures [5–8]. 

Despite the aforementioned advantages of lattice structures, there are concomitant challenges for modeling, 
qualification, and inspection [9–15]. Among these challenges are 1) structural fragility, 2) geometric complexity, 
3) inspection procedures and the associated access requirements, 4) post-processing, and 5) common AM issues. 
With strut diameters often in the range of 200-800 µm, lattice structures can be easily damaged during 
manufacturing, handling, or post-processing procedures [16]. Additionally, the complexity of thousands of struts 
makes computer models and inspection data analysis algorithms relatively slow [17,18]. Lastly, common AM 
issues such as porosity [19–24], surface roughness [25–27], and structural heterogeneities persist as issues for 
lattices, and are often magnified in their effects due to their size scale [11,28,29].  
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While lattices have been studied for their global properties and nominal failure patterns, there has been relatively 
little work performed to study local failure patterns and how local defects influence macroscale deformation 
behavior. The intent of this study is to bring attention to and address this research gap. To do so, quantitative 
inspection was leveraged to better understand the structural defects common in AM lattices. Then, using 
interrupted compression testing, lattices were periodically scanned using computed tomography (CT) throughout 
the compression process, resulting in high-fidelity observational data of lattice deformation evolution at many 
stages throughout compression.  

3 Method and Materials 

3.1 Manufacture 

Two 304L stainless steel lattice structures consisting of octet truss unit cells of 4.5 mm side length and 0.375 mm 
strut diameter arranged in a 9x9x9 pattern with 1.5 mm thick top/bottom plates were manufactured for the present 
study. Laser powder bed fusion (LPBF), a manufacturing technique that utilizes laser energy to selectively fuse 
metal powder in a layer-by-layer sequence, was used. The nominal design as well as build and compression 
directions are shown in Figure 1. Samples were manufactured using a Renishaw AM250 LPBF machine with the 
printing parameters for the bulk regions of 200 W laser power, exposure time of 75 µs, point distance of 60 µm, 
85 µm hatch spacing, and respective border parameters of 150 W, 75 µs, and 20 µm. A 50 µm layer thickness 
was utilized. Lattices were oriented such that the plates were printed vertically. Gas-atomized powder from LPT 
Technology Ltd. was used with a nominal D10-D90 diameter distribution of 15-45 µm. Samples were separated 
from the buildplate using a wire EDM without further post-processing. 

 
Figure 1. CAD model of the full lattice and the octet truss unit cell design. Build direction and compression direction annotated. Area 
used for global stress calculation denoted in yellow. 
 

3.2 Computed Tomography Inspections 

Samples were inspected using x-ray CT to image their complex structure in three dimensions for geometrical assessment. Scans were 
performed ex-situ in the printed state as well as at every deformation step using a Nikon Dual Head M2 225/450 kV CT machine and 
achieved a scan resolution of ~30 mm/voxel edge. A fixture was designed to allow for consistent alignment of the lattice bottom plate 

within the scanning volume. A tabular summary of CT inspection parameters is presented in  
Table 1. Identical scan parameters were used for all scans conducted. 

 

 

 
Table 1. CT Scan Parameters 
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CT Parameter Value 
Acceleration Voltage 440 kV 

Current 193 µA 
Prefilter 2.4 mm Cu 

Exposure time 500 ms 
Projection Count 3141 
Scan Time 56 min 

Images Averaged Per Projection 2 
Resolution/Voxel Side Length 30.2 µm 

 

3.3 Characterization Techniques 

Many features of printed lattice structures are of interest for characterization due to their deviation from nominal 
geometries. Geometric lattice defects can be classified into three broad categories: dimensional inaccuracies, 
surface texture, and porosity [2]. The present paper focuses primarily on dimensional inaccuracies, which are of 
particular significance in lattices, where they can be on the size scale of the struts of the lattice. This can result in 
significant local structural performance variations that can alter global performance, as will be shown in the 
ensuing. 

First, scans were reconstructed using a filtered back projection algorithm in Nikon Metrology’s CT Pro software. 
Then, the commercial CT data analysis software Volume Graphics VGSTUDIO MAX 3.4 (VG) was used to 
determine a surface. Using a best fit registration function, the CT data was registered to the coordinate system of 
the nominal CAD geometry. 

To assess strut geometric accuracy of the printed state, a MATLAB script was developed. The analysis included 
strut cross-section assessment, wherein modelling the strut cross section of all lattice struts as ellipses was 
conducted. This analysis provided an assessment of the overall lattice structure geometry by modelling 
approximately 1.1 million ellipses per sample, providing a large sampling of strut cross-section data. While other 
studies have conducted similar strut assessment procedures by fitting circles to strut cross-sections [30,31], the 
present study, as well as Ref. [32], utilized ellipses due to the high observed cross-section eccentricity, increasing 
the representational accuracy of the analysis.  

The ellipse-based strut geometry assessment was conducted as follows. First, the scanned CT volume is registered 
to the CAD model and interpolated image slices of the volume in the newly-defined voxel grid were extracted 
from the six planes perpendicular to the strut cylinders (Figure 2a). These lattice-level images were imported as 
into MATLAB and binarized using a grayscale threshold informed by the more complex Volume Graphics surface 
determination. Gridded windows were then created around each strut location and strut-level image stacks for 
each perpendicular strut area created (Figure 2b). Next, a strut cross-section of interest was identified, the 
boundary was determined, and an ellipse was fit to the cross-section using a least squares framework (Figure 2c). 
From the fitted ellipses, many parameters of interest could be extracted to characterize the struts, including ellipse 
major and minor axis length, the ratio of these two, and strut waviness, defined as offset of the ellipse center from 
mean strut center. This analysis provided for the ability to characterize printed struts at different build orientations. 
Nomenclature for these strut types is provided in Table 2. 

Porosity analyses were performed using the VG software and it was found that parts were near fully-dense with 
very few pores identified at the CT resolution used. As such, internal defects were not considered in analysis of 
these structures due to a limited anticipated impact on performance.  
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Figure 2. Strut ellipse-fitting process. a) Grayscale CT image slice imported. b) Image binarized and strut locations identified. c) Strut 
boundary identified (green), ellipse fitted (red), and axes identified (blue). d) Red best fit ellipses characterizing an individual strut 

shown as semi-transparent. 
 
Table 2. Strut type definitions. Figure and print coordinate system (CS) provided to show direction of strut types. Samples were built 

in the +Z, [0, 0, 1] direction and loaded along the Y-axis, [0, 1, 0] direction. 
Strut  
Type 

Direction  
(Print CS) 

 

1 [0, 1, 1] 
2 [0, 1, -1] 
3 [1, 0, 1] 
4 [1, 0, -1] 
5 [1, 1, 0] 
6 [1, -1, 0] 

 

3.4 Mechanical Testing 

Mechanical compression testing was performed using a servo-hydraulic MTS load frame equipped with an 88-
kN load cell. A friction-free boundary condition was simulated by applying a thin layer of oil-based lubricant to 
the lattice plates. This step is important, as this boundary condition has a significant effect on failure behavior, as 
seen when comparing the results of models developed in Refs [30,33][33]. Samples were loaded in displacement 
control at a rate of 0.0127 mm/s (2.9x10-4 mm/mm/s), meeting the quasi-static testing criterion of ASTM E9-09 
[34]. Once a sample had been displaced ~5-10 millistrain, the sample was unloaded, removed from the load stage, 
and CT scanned in its deformed state. Global strain values, denoted eg, are reported as the highest global strain 
value experienced by the lattices and are calculated using the height of the lattice as measured using the testing 
stage displacement divided by the original height of the lattice, including the printed plates. The innate stage 
compliance was accounted for in all strain calculations. Additionally, it should be noted that reported stress values 
are global stress values calculated using the bounding lattice area of 40.5 x 40.5 mm shown in Figure 1. 
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4 Results 

4.1 Characterization 

The above characterization methodology was applied and the results presented below are organized by 
characterization technique. These characterizations serve to highlight the significance of the dimensional 
inaccuracies observed in lattices. 

Figure 3 shows the major and minor axis length distribution information gathered from this analysis as histograms 
as well as overlaid normal distributions for Sample 1. As can be seen in this figure, both the major and minor axis 
lengths are well-modelled by Gaussian normal distributions for all strut types, despite significant differences in 
the mean value and standard deviation. Mean values for diagonally printed struts (types 1-4) were in the 380-470 
µm range, approximately 0-25% oversized when compared to the nominal strut diameter of 375 µm. However, 
horizontally printed struts (types 5 and 6) exhibit significantly larger major axis length than the other strut types, 
with the mean value occurring at 580-610 µm, or ~55-60% oversized. The observed print orientation-dependence 
of the strut major axis length is due to the overhangs and extraneous material on horizontal struts. Overhang 
defects and overprinting associated with horizontal parts, especially lattice struts, is a phenomena which has been 
observed elsewhere. These defects can serve to create stress concentrators and play a significant role in apparent 
mechanical properties at the sub-millimeter scale, resulting in stresses as high as an order of magnitude above the 
nominal stress [11]. 

 
Figure 3. Major and minor axis lengths of Sample 1 as calculated by the strut ellipse fitting algorithm. Strut type definitions provided 

in Table 2. 
 

It is well established that horizontal struts in lattices of this strut size commonly have defects that can significantly 
impact the mechanical behavior of the struts as a result [11]. Because major axis length of the horizontally printed 
struts was significantly larger than the nominal strut dimension, it is anticipated that the lattices may exhibit a 
consequential deviation from its nominal orthotropy [35], although this has not been quantified in the present 
study. Furthermore, the horizontal struts in the octet truss lattice, which are loaded in tension when the global 
loading is compression [33], have been shown to exhibit behavior dominated by surface roughness and 
heterogeneities [11,29].  

Beyond size, strut shape can play a significant role in lattice performance due to the changes in area moment of 
inertia. This affects bending moments at the strut level, which is particularly critical to failure behavior, and 
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particularly so in lattices of ductile metals, which exhibit significant plasticity. As will be shown in the ensuing, 
bending of struts is the primary mechanism by which failure initiates. Thus, the ratio of the minor and major axis 
lengths, a measurement of the cross-sectional eccentricity, is useful in understanding lattice quality and 
performance. An ellipse with an axis ratio of 1.0 would be perfectly circular whereas an ellipse with an axis ratio 
of 0.5 would be highly eccentric, with the major axis being twice as long as the minor axis.  

Figure 4 presents this data, as well as a summary of the axis length information in boxplot form. As shown in this 
figure, diagonally printed struts (types 1-4) had much higher axis ratios in the range of 0.75-0.85 than the 
horizontally printed struts (types 5 and 6) at ~0.60. This indicates that not only were the horizontally-printed struts 
oversized but also that these struts were highly eccentric and non-cylindrical. Ellipse orientation information 
indicated that elliptical cross sections for horizontal struts were such that their major axis was parallel to the z-
direction in the printer.  

Lastly, Figure 4 presents strut waviness, measured as the offset from the ideal strut axis. This data shows that the 
diagonal struts exhibit relatively constant cross-sectional offset, whereas horizontally-printed struts tend to have 
more significant deviation from nominal. Modeling efforts such as in Ref. [36] have shown strut waviness to play 
a significant role in dictating lattice performance. Strut waviness variation further emphasizes the significant 
heterogeneous geometry characteristic of LPBF lattices. 

A  
Figure 4. Boxplots of Major and Minor Axis Length, Axis Ratio, and Strut Waviness. The central mark indicates the median, the box 

extents indicate the 25th and 75th percentiles and the whisker extents indicate the 10th and 90th percentiles. 
 

4.2 Mechanical Compression Testing 

The stress-strain response from mechanical compression testing is shown in Figure 5. These results show the 
individual compression tests combined to form the “global” stress-strain curve of the lattice structures. For each 
compression test, an initial elastic deformation of 0.0075 mm/mm is seen, followed by movement along what 
forms the global compression curve. Finally, an elastic recovery of 0.0075 mm/mm can be seen for each test. 
Globally, the first maximum compressive stress of the lattice can be seen at ~0.03 mm/mm strain, followed by a 
force relaxation as the initial lattice cell layer plastically collapses. 
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Figure 5. Mechanical testing results from Sample 1 and Sample 2. 

 

4.3 Deformation Evolution 

Using CT inspection data obtained at different global strain, the failure behavior and deformation evolution of 
the lattices was tracked and analyzed. The following section is separated into global failure behavior, which 
focuses on the broad failure pattern of the lattices, and local failure behavior, which focuses on the strut-level 
behavior that initiated the global failure process and, as will be shown, determines the global failure. 

4.3.1 Global Failure Behavior 

The global failure behavior of the lattices can be observed by comparing progressive CT scan data from various 
global strain values. Below, Figure 6 presents deformed lattices annotated with red lines to highlight the 
approximate failure boundary on each lattice face. As Figure 6 shows, the collapse or failure surface was not a 
perfect plane as predicted by FE modelling based on perfect CAD geometry [30] which predicts a failure plane 
with a normal in the [1, 1, 1] direction. Instead, this figure shows that the failure surface appears to be highly 
complex, at least as viewed from the lattice surface.  



8 
 
 

 
Figure 6. CT scans of Samples 1 and 2 and large global strains. Red lines drawn to indicate the approximate failure surface on each 

face of the lattices. 
 

To further study the global failure beyond the lattice’s surface, an image processing script was developed to 
identify the complex failure surface in three dimensions. By identifying the failed cells in 2D slices in the XZ 
plane and separating the regions above and below this identified surface, a three-dimensional failure surface 
estimate was created by linearly interpolating the identified points. The resulting failure surface and separated 
regions of Sample 2 at 7.2% global strain are shown in Figure 7. As seen in this figure, the actual failure is not a 
simple plane, but is instead a complex, tortuous surface. The complex texture of this surface reflects the stress 
variations present in the lattice struts, a concept which will be further elucidated in the ensuing discussion. 
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Figure 7. Sample 2 a) failure surface and b) semi-transparent lattice volume divided above and below failure. CT scan of lattice at 
7.2% global strain used for this analysis. Lattice regions above and below the failure are shown in teal and red, respectively. 

 

4.3.2 Local Failure Behavior 

In addition to global failure behavior, the relatively high scanning resolution of the CT data gathered offers a look 
at the initiation of failure at the unit cell and even single strut level. Figure 8 shows a view of the failure-initiating 
strut in Sample 1 and the subsequent development of a shear band, the defining global failure pattern as seen 
above in Figure 6 and Figure 7. As can be seen in Figure 8a-d, failure initiated at the struts located in the top 
corner of the lattice, highlighted in Figure 8a with a red box. A closer view is shown in Figure 8e-h of the failure-
initiating struts, labelled α in Figure 8e, at the same strain levels. This figure clearly shows that the strut began 
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failing by elastically deforming (Figure 8a and Figure 8e) at 0.9% global strain followed by bending in Figure 8b 
and Figure 8f seen at 3.2% strain. Once this strut began to plastically deform, failure propagated to struts labelled 
as β in the surrounding region, which began to fail in plastic bending, seen in Figure 8d at 4.2% strain, until a 
clearly defined failure band emerged in Figure 8 data strain of 6.0%. The creation of plastic hinges, the evolution 
of which is shown most clearly in the figure at strain values of 3.2% and 4.2%, corresponded to just before and 
just after the maximum compressive stress seen in the stress-strain curves of Figure 5. 

 
Figure 8. CT scans of Sample 1 throughout the failure process showing the deformation evolution of the failure-initiating area (a-d) 

and the failure-initiating strut (e-h). Region shown in subfigures e-h highlighted in subfigure a. 
 

5 Discussion 

Results from compression testing interrupted with CT inspections presented in the above figures serve to provide 
insight into the failure mechanisms and behavior, both global and local, that occur during 304L octet truss lattice 
compression. These figures present intuitive three-dimensional imaging of the lattice at various stages of 
deformation typically only seen in finite element simulations. 

5.1 Global Failure Behavior 

The global failure behavior shown in Figure 6 and Figure 7 as a distorted shear band highlights the effects of 
structural heterogeneities on failure behavior. These figures present a broad pattern of shear band failure but, upon 
closer inspection, reveal significant deviations from the planar shear band surface predicted by FE simulation of 
perfect lattice geometries, such as those presented in Refs. [30,37]. 

The failure surfaces observed in the present study more closely resemble an intergranular fracture path of a 
polycrystalline material following the path of least resistance [38] rather than a neat, mathematically planar shear 
failure. In an intergranular fracture the path is dictated by the grain boundaries, which are relatively weak 
compared to the surrounding areas, and in the lattice case by local geometry variations that result in struts that are 
relatively weak compared to the surrounding struts. As described in Ref. [30], variations between the horizontal 
and diagonal strut diameters can lead to a transition from a near perfect angled shear band to a complete horizontal 
failure. In addition, Ref. [37] describes how nodal stiffening mechanisms can influence and ultimately change the 
failure mode from a shear band-style failure pattern to one of horizontal layer-by-layer collapse. These prior 



11 
 
 

works demonstrate the influence of small geometric changes on global failure behavior. In the present work, 
geometric defects characterized above such as cross-sectional size variation, eccentricity, strut waviness and build 
orientation dependency were observed to have led to a failure mode between these two extremes. 

It is possible that the significant structural heterogeneities presented and quantified through the ellipse-based strut 
geometry assessment contributed to the tortuous failure surfaces identified and shown in Figure 6 and Figure 7. 
In this case, the structural heterogeneities effectively created struts whose mechanical properties were non-
uniform with respect to one another. A similar hypothesis is presented by prior studies who have observed 
deviations from expected behavior [39]. Structural imperfections of this kind, common to small-scale AM powder 
bed printing, have been shown to serve as stress concentrations resulting in local stresses in excess of an order of 
magnitude above the nominal, bulk stress state [11]. These structural imperfections, which result in non-uniform, 
off-nominal stresses in the strut, can create wide ranges of effective structural properties for each strut [40,41]. It 
is hypothesized that the significant stress deviations from nominal stress levels resulting from structural 
heterogeneities influenced the failure surface. In essence, these defects and print imperfections determine, at least 
in part, the path of least resistance for the failure surface by altering the individual geometry and therefore 
structural performance of each strut. It is hypothesized that the arrangement of strut geometries and the resulting 
effective properties influenced the precise failure behavior observed in the present results.  

5.2 Local Failure Behavior 

In addition to global failure behavior, local failure mechanisms at the strut-level were identified and observed in 
this study and can be compared to behavior described by cellular structure theory. As presented in Figure 8, the 
global plastic collapse of the lattice initiated at two low-connectivity struts in an individual unit cell in the corner 
of Sample 1, consistent with traditional cellular structure theory, which, by the Maxwell criterion for static 
determinacy [35], dictates that nodes with lesser connectivity are able to sustain less stress in compression than 
those with higher levels of connectivity. In the context of octet truss lattices, unit cell corner nodes within the 
bulk of the structure have a connectivity of 12 compared to those at the corner of lattice structures, which only 
have a connectivity of 3, with two of the connecting struts being only a quarter of a cylinder. This difference in 
connectivity is one reason why failure occurred at the corner node shown in Figure 8. Based on the observed 
initiation of global failure at corner nodes, it is probable that significant improvements in lattice maximum 
compressive stress can be achieved with very marginal weight gain by reinforcing the top and bottom corner node 
of the lattice or, alternatively, all nodes at lattice corners at each z-level.  Such a modified lattice design would be 
similar to the vertical struts added to the FCC unit cell to create the FCCZ unit cell. Similar designs have been 
implemented at the unit cell level and have been shown to actuate significant improvements in lattice stiffness 
and strength properties [42,43]. 

Beyond the fact that failure initiated at a lattice corner node, the CT scans of the failure-initiating strut beginning 
to fail provide direct evidence of strut-level plastic collapse and the creation of plastic hinges. The failure-
initiating struts were subject to bending moments which exceeded a critical threshold, resulting in severe plastic 
deformation. As described in Ref. [44], when the bending moment of a strut becomes greater than its plastic 
moment, determined as a function of material properties and geometry, plastic collapse begins and a plastic hinge 
is formed. Beyond the a struts of Figure 8e, similar plastic hinging behavior can be seen throughout the failure 
surface partially shown in Figure 8d. The bending moment can be directly related to the area moment of inertia 
dictated by the shape of the cross section as well as the cross-section offset defined here as strut waviness. As the 
ellipse-based strut assessment results show, strut cross sections can vary widely in size. As a result of this cross-
sectional variation, the plastic moment that is required to be overcome to initiate plastic collapse can vary widely 
from strut to strut. Furthermore, the significant strut waviness can result in eccentric, off-center loading, making 
struts with higher strut waviness collapse under buckling at below-nominal loads. Overall, inter- and intra-strut 
geometry variations, such as those observed in Figure 3 and Figure 4, may influence the precise global failure 
surface by creating a path of least resistance as the lattice structures failed under compressive loading. 
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6 Conclusion 

Using compression testing interrupted with CT scans this study presented three-dimensional imaging revealing 
the evolution of deformation in octet truss lattices made from 304L stainless steel. Initiation of deformation was 
observed to occur at corner nodes, likely due to their low connectivity to the rest of the structure compared to 
internal nodes. The interrupted testing method allowed not only for the monitoring of failure mechanisms and 
location of deformation initiation, but provided data that can be directly compared to failure and deformation 
modes predicted by finite element models.  

In addition, various CT data characterization tools were leveraged to thoroughly characterize lattice strut 
deviation. Statistical characterization revealed significant deviations from nominal geometry in all strut types, 
and especially in horizontally printed struts, suggesting that loading direction of lattices is an important design 
consideration, even when bulk lattice behavior is nominally orthotropic. Characterizations performed confirmed 
previously reported results showing that horizontal struts often exhibit worse geometric accuracy.  

Furthermore, the CT imaging results provided for direct observation of mechanisms of deformation described by 
cellular structure theory, namely the development of plastic hinges and its progression throughout a lattice as 
plastic collapse occurs. Lastly, it was seen that the failure surface for initial plastic collapse in real lattices is 
complex and influenced by local mechanical properties of individual struts as dictated by their actual printed 
geometry, suggesting the need for the incorporation of realistic manufacturing defects in models attempting to 
simulate the failure of AM metallic lattices. 
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