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Abstract: This article focuses on the use of fused deposition modeling (FDM) technology to manu-
facture and test polymer isogrid lattice cylindrical shell (LCS) structures with equilateral triangular
unit-cells using non-professional and conventional 3D printing software and hardware. A parametric
and automated 3D model for these structures is created in SolidWorks using the Visual Basic (VBA)
programming language. Different configurations of the isogrid LCS structure are modeled, manufac-
tured, and tested in order to determine the compressive structural strength and stiffness, as well as to
investigate structural instability. The experimental results are used to deduce the inherent limitations
of 3D printing, including the inhomogeneities, imperfections, and non-isotropic nature of FDM, as
well as the effect of the configurations on local buckling behavior. The results suggest that coupling
between local and global buckling has an impact on the compressive stiffness and strength of LCS
structures, reducing the accuracy of structural designs neglecting these effects.
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Lattice cylindrical shell (LCS) structures have been applied in a wide variety of fields,
from aerospace to medicine, and are now recognized as a viable design alternative for
critical geodesic structural applications requiring lightweight, low-cost structures with
high mechanical performance. Lattice structures are typically used as reinforcements for
homogeneous shells, such as aerial aircraft fuselage sections, or as standalone structures
that perform critical functions, such as stent devices [1-4]. In general, these structures

combine axial, circumferential, and helical ribs to increase the strength-to-mass ratio of
cylinder shells when subjected to axial, bending, and torsion stresses [5-7].

Different approaches to designing, developing, and manufacturing these lightweight
structures have been pursued in different countries since McDonnell-Douglas and NASA
first idealized and consolidated the isogrid concept for metallic aerospace structures in the
1970s in the United States [1,8]; these lightweight structures were indeed manufactured
by first machining in the flat and then forming. Their design and manufacturing were
extended in the 1980s by CRISM in the former Soviet Union to the so-called anisogrid
(in relation with the anisotropy of composite materials) design concept, which, instead,
considered composite carbon-fiber materials and LCS structures formed via filament win-
ding. Due to the manufacturing constraints and disadvantages of metallic isogrid LCS
structures, several studies on more general composite anisogrid geodesic designs have
been conducted, covering design [9-11], manufacturing [12], mechanical properties [13],
buckling [5], failure [14], and applications [2,15-18], to name only a few. Structural models
of the lattice may be simplified by “smearing out”, averaging, or taking mean values of the
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lattice properties and considering them as a solid continuous sheet of isotropic material
with elastic properties [8,19-22]. Alternatively, more precise but more complex approaches
may be used in conjunction with finite element technology, when using numerical computa-
tional analysis tools [5,6,21,23]. In the case of metallic lattices, the term isogrid has been used
because the structure has been originally assumed to behave like an isotropic material [8],
but recent studies appear to indicate otherwise [24].

Numerous LCS topologies can be created by varying the number of ribs and their ar-
rangement, including the typical hexagonal, triangular, and mixed grid lattice shells [6,22].
Due to their complexity in terms of geometry definition, model generation, and physical re-
alization, these structures pose significant design and manufacturing challenges, for which
the increased creativity and design freedom enabled by additive manufacturing (AM) and
3D printing technologies are extremely beneficial, with potential to rapidly transform the
engineering of lattice structures as we classically know it. Nowadays, AM is a widely
used manufacturing process in which critical build-up parts are manufactured by layer-
ing or fusing materials in accordance with precise computerized 3D solid digital models.
As such, new disruptive design and manufacturing paradigms are emerging, character-
ized by increased design flexibility and optimization, manufacturing simplicity, product
customization, and degree of automation, where numerous remarkable technologies are
converging at the moment: intelligent software, novel materials, novel manufacturing
processes (particularly 3D printing and AM), robotics and automation, and a slew of web-
based services. Additionally, freely available and widely disseminated computer-aided
design (CAD) and manufacturing (CAM) software, as well as the well established com-
puter numerical control (CNC) standards, combined with readily available and affordable
commercial 3D printers and materials, have fostered a boom in the number of users and
potential applications for these technologies. In the context of lattice structures, recent
attention has been focused on both metal [25-30] and polymer [31-35] 3D printed parts for
a variety of different applications and purposes (cf. also the review works in [36,37] and the
references therein), most commonly limited to multipurpose planar designs or volumetric
lightweight cellular structural infills.

This work is based on a preliminary investigation conducted as part of an undergrad-
uate mechanical engineering student’s final project motivated by Vasiliev and Totaro’s
advancements in composite LCS structures fabricated with the filament winding pro-
cess [2,10,15,16,23]. While the latter studies are fascinating and instructive, they are limited
to composite materials and filament winding processes on large-scale structures, rendering
them inaccessible to the general public, where large-scale testing is also more challenging.
With the advancement of 3D printing technologies and the availability of new materials
and large-format printing underway, we are on the verge of witnessing a paradigm shift
in lattice structure engineering that will enable greater design flexibility and physical
realization, circumventing the primary limitations of filament winding composites.

As such, the overall goal of this work is to provide a first step and experimental
contribution toward a better understanding of the feasibility of 3D-printed isogrid LCS
structures at a small scale and to assess their local buckling mechanics through testing.
In summary, this article starts by describing a 3D geometric model of isogrid LCS struc-
tures with a unit equilateral triangular cell that enables automatic generation of various
configurations in SolidWorks. Next, polymer isogrid LCS structural test samples are fab-
ricated using fused deposition modeling (FDM) and mechanically tested to determine
the LCS structure’s strength, stiffness, and mode of failure during buckling. While 3D
printing by FDM introduces uncertainty regarding material properties and homogeneity by
introducing some degree of anisotropy, it also simplifies analysis by utilizing smaller-scale,
more affordable, and manageable polymer isogrid LCS structural samples. Furthermore,
despite the focus being on the use of an accessible and affordable FDM technology and 3D
printing software and hardware to manufacture cylindrical shell structures with equilateral
triangular unit cells via 3D printing and on the study of local buckling, more refined and
professional systems may be used to make the process more reliable, scalable, and applica-
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ble to large-formats and high-performance engineering materials. Lastly, the article ends
with a summary of the most important findings and conclusions.

2. Geometry and 3D Modeling

An isogrid is an array of continuous equilateral triangles formed by a lattice of stiffening
ribs; it is the simplest arrangement of bar elements with isotropic properties, hence the
name. The intersecting ribs form a complete lattice (or grid) structure, regardless of whether
they are attached to a single (or doubled) skin or used as an open lattice. The isogrid
lattice’s ability to control stresses via the ribs enables it to replace traditional solid structural
elements with equivalent lattice shapes, thereby reducing weight and increasing mechanical
strength. Despite their structural efficiency, these structures are still being investigated
using novel materials and lattice morphologies. The morphology used in this study is
the same as that used by Vasiliev and Totaro [16,23] for isogrid geodesic shells, which is
defined by a cylindrical shell structure without skin (also typically ignored in design for
load bearing), with ribs forming triangular unit cells patterned in the geodesic surface of
the LCS structure. This morphology is comparable to that of an isotropic material shell
structure and typically results in a combination of compression and tensile stresses in the
ribs under general loading. As shown in Figure 1, seven parameters were considered to
completely define the full LCS geometry, namely the LCS external diameter, D, and length,
L; the constant width of the ribs on the tangent plane, 4, and along the radial direction, e;
the number of helical and circumferential ribs, 1;, and 7., respectively (no axial ribs are
necessary for this unit cell orientation and morphology without vertical sides); and the
height /1 of each stage in between two successive circumferential ribs. Of these, only five
parameters are actually independent and required for its modeling; for example, we have
considered the height / and length L as the dependent parameters and the remainder as
the independent ones.

Figure 1. Geometric parameters required to fully define the 3D model of the isogrid LCS structure.

The geometry was chosen to favor local instability phenomena such as local buckling
by having a low density of equilateral triangular unit cells and shells with a low total length-
to-diameter ratio. Due to practical and manufacturing constraints, such as the printing
volume and filament diameter of conventional polymer FDM 3D printing systems, small-
scale samples can be printed with sufficient representativeness for a small number of unit
cells only if the interrelated parameters of maximum diameter, number of circumferential
ribs, and width are properly adjusted, thus precluding the analysis of global buckling.
Considering previous works [15,23] and structural stability theory, the geometry was
chosen to favor the appearance of local rib buckling along the tangential circumferential
(as opposed to radial) axis of the cylinder (ensuring that e > a) and establishing a distance
between circumferential ribs that ensures the application of Euler’s column formula [38] for
the determination of the critical rib buckling load, as well as an appropriate rib slenderness
ratio that ensures the critical Euler stress is less than half the material’s yield stress. As such,
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once the material properties and internal loads are known, Euler’s buckling theory can
be used to approximate the local buckling critical load by treating the ribs as beams. This
approach, however, may be oversimplified, as complicating effects such as those caused by
the inherent material anisotropy of FDM 3D printing, border effects at loaded extremity
faces, border effects and stress distributions at rib junctions in the triangle vertices, and those
caused by the LCS structure’s global deformation behavior in compression complicate the
analysis. These key aspects will be partially examined in better detail in the sections that
follow and ongoing work.

The isogrid LCS structure’s geometry is created parametrically and automatically in
SolidWorks, allowing models to be created with minimal effort and in the shortest amount
of time possible, thereby optimizing the design cycle. The required parameters input,
operations, and graphical user interface (GUI) were programmed in Visual Basic (VBA)
and made available as a button in the SolidWorks environment, as well as a GUI pop-up
that appears when necessary as depicted in Figure 2.
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Figure 2. Graphical user interface used to introduce the parameters to automatically build the
geometric 3D model of the isogrid LCS in SolidWorks and dedicated call-up button integrated into
the SolidWorks environment workspace.

In a first stage, the geometry was designed in SolidWorks to ensure minimal opera-
tions and a clear understanding of how the geometry could be constructed. From there,
complications arose when attempting to identify the internal variables that SolidWorks
assigns to each operation and each parameter of each operation during the interface’s VBA
programming. This interface provides aids and easy visual identification for each parame-
ter, as well as a friendly environment in which the user can enter the input data. Existing
warnings and error messages assist in rectifying incorrectly entered values. To facilitate
integration with SolidWorks, the VBA interface was inserted into the SolidWorks environ-
ment as illustrated. The VBA program’s overall functional rationale is to automatically
modify an existing geometry based on new desired parameters, where the user initially
sees an example structure.

3. Manufacturing and 3D Printing

The FDM as a material extrusion AM process has gained popularity due to the limitless
and simple design possibilities it provides in comparison to traditional manufacturing.
To carry out this research and bring to life the various isogrid LCS structure configurations
intended for testing, an Anet A6 3D printer was used. The main characteristics of the
3D printer are listed in the following Table 1. The PLA material from the filament manu-
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facturer BeeVeryCreative was chosen because it is inexpensive, readily available, easy to
print in great quality, and biodegradable; additionally, its mechanical behavior meets the
requirements and purposes of this analysis (see Table 2).

Table 1. Main specifications of the Anet A6 3D printer used to print the isogrid LCS structure samples.

Layer thickness [mm] 0.1-0.3
Printing speed [mm/s] 10-120

XY axis position accuracy [mm] 0.012

Z axis position accuracy [mm] 0.004
Printing material ABS, PLA, ...
Filament diameter [mm)] 1.75

Nozzle diameter [mm] 0.4 (can be changed)
Build size [mm?] 220 x 220 x 240
File format STL, G-Code, OB]

Table 2. Main specifications and properties of the BeeVeryCreative PLA 3D printer filament.

Diameter [mm] 1.75 £ 0.05
Printing temperature [°C] 205+ 10
Specific weight [g/cm?] 1.24
Tensile modulus [MPa] 3120
Yield strength [MPa] 70
Ultimate strength [MPa] N/A
Strain at break [%] 20
Strain at yield [%] 5
Glass transition [°C] 57

Obviating the details of the initial process relative to the printer adjustments and setup,
the printing (or slicing) direction was chosen with the cylinder in the upright position, so
that the material anisotropy is kept simple to understand and all the successive layers are
printed exactly the same way along the LCS structure with the axis of slicing aligned with
the direction of the compressive loading. The Ultimaker Cura slicing software was initially
used, but despite attempts to optimize printing performance without printing supports
by adjusting the printing parameters, these efforts failed to resolve the existing issue of
suspended material and unsatisfactory results caused by still-hot material not remaining in
the proper filling by gravity. Another option was to print the LCS structure horizontally,
but this resulted in even worse results. To address the issue, an attempt was made to model
auxiliary geometry by introducing artificial bridging supports between the auxiliary and
the real geometry, thereby improving material separation, but without success. Finally,
we investigated the market for software slicers, and after experimenting with several
programs that included support material, we obtained excellent results with Simplify3D,
where material usage was minimized and the finished product was quite acceptable from a
macroscopic standpoint. One example of a printing failure and a successful one with and
without the support material are shown in Figure 3.

Figure 3. 3D printing failed attempt with suspended material (left); successful 3D printing solution us-
ing optimized supports generated in Simplify3D with (middle) and without (right) support material.
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4. Compressive Testing and Results

As mentioned previously, one of the objectives of this research is to determine whether
representative reduced-scale models of large isogrid LCS structures can accurately simu-
late their mechanical behavior under compressive loads and observe their local buckling
behavior. As a result, it was decided to conduct compression tests using four distinct
configurations, as illustrated in Figure 5, where the diverse morphologies were chosen to
investigate the effect of the length, symmetry, proximity to the applied compressive load,
and border effects on the local buckling behavior.

Three samples of each configuration were printed randomly, yielding a total of
12 samples in total; they were tested, also randomly, to avoid systematic errors inher-
ent in the AM process and testing procedures. The final printer settings and configura-
tions were as follows: nozzle diameter = 0.4; infill = 100%; layer height = 0.2 mm; nozzle
temperature = 200 °C; build platform temperature off; printing speed = 45 mm/s; and
cooling off. The total printing times for all the test samples was 12 h and 12 min; detailed
information of this and the geometric description of the samples are listed in Table 3 by type
of configuration. Due to time constraints, the printing head velocity was increased. As such,
a slight vibration of the printer was observed in some of its displacement trajectories during
printing, which may have exacerbated the samples’ material and geometric inhomogeneity
and reproducibility, possibly resulting in significant interference with the final results,
as will be seen.

Table 3. Geometric description of the samples, post-processed characteristics, and printing time
(simulation and real) for each configuration.

a e D ny, e L Mass Rib Length Rib Section Printing Time
Configuration [mm] [mm] [mm] # # [mm] [g] [mm] [mm?] Sim. [min] Real [min]
A 4 66.90 5.58 55 87
B 3 4513 391 37 59
C 1.6 24 40 10 5 2337 204 20.17 3.84 19 30
D 4 47.13 4.50 41 68

*: not generated automatically.

The compression tests were conducted using a compression test rig on a universal
mechanical testing machine, model Shimadzu AG-X Plus 100 kN (Figure 4). The test speed
was set to 0.25 mm/min, and data on both head displacement and applied force were col-
lected at a 50 Hz rate. The tests were conducted in a random order to minimize systematic
errors, and the results for the various tests are shown in Figure 5 for the 12 samples. As can
be seen from the results, the four configurations support a range of critical compressive
loads, suggesting that local buckling cannot be used to accurately predict strength and
that a coupling effect exists between global compressive deformation and local buckling
effects. As expected, given that all stages have equal stiffness, serial springs (stiffnesses)
displacements sum up and the same force is applied to all the unit cell cylinder stages
(i.e., with only one triangle along the longitudinal axis); as the stages between two cir-
cumferential ribs are piled up, we observe experimentally that the displacement increases
almost proportionally, disregarding outliers, as we progress through configurations A, B,
and C. The A configuration has the lowest strength, possibly because the local to global
buckling coupling is more pronounced due to its length and higher global slenderness.
The B configuration has the higher strength, most likely due to the longitudinal rib arrange-
ment and reinforcing central circumference ring, whereas the D and C configurations have
slightly lower strength than B. The results suggest that the local-to-global coupling has a
greater effect on compressive strength than the local effect of reinforcement and different
rib topologies at the load-applied border surfaces.
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Figure 5. Compression test results for the 4 different configurations.

5. Conclusions

The purpose of this article is to demonstrate the feasibility of using fused deposition
modeling (FDM) technology to fabricate polymer isogrid lattice cylindrical shell (LCS)
structures with equilateral triangular unit cells using non-professional and conventional 3D
printing software and hardware, and to infer experimentally about local buckling behavior.
For these structures, a parametric and automated 3D model was created in SolidWorks
using the Visual Basic (VBA) programming language. Due to the geometric complexity of
isogrid LCS structures, they were realized through a progressive 3D printing trial-and-error
improvement process that included progressive parameter adjustment and a better choice
of slicing software to automatically generate 3D printing material supports. The printer’s
total run time has always been greater than the slicer program simulator’s, typically by
around 60%. As previously stated, the simulator does not account for extruder heating
time, and the speed at which the lines of code execute on the printer varies, so speeds
must be adjusted (printing assuming varied movements) to equalize these values and thus
obtain a valid time simulation.

To improve control over the final mechanical properties and local buckling behavior
repeatability, sensitivity analysis could have been conducted to examine printing param-
eters such as printing speed, layer height, extruder diameter, and printing temperature
(statistical DoE approach). However, the trial and error method used, combined with the
use of Simplify3D to generate trajectories and material supports, appears to be a success-
ful strategy to produce isogrid LCS structures with satisfactory quality and compressive
strength-to-mass performance. Concerning the compression testing of the various configu-
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rations, the print head speed was likely set too high, resulting in a significant discrepancy
in results between the three samples of the same configuration. Although the maximum
critical compression load and strength are less dispersed, the results indicate that additional
research is necessary to determine the exogenous effects impacting local buckling behavior
and printing quality. This preliminary study suggests that the order of dispersion of the ob-
tained results precludes a detailed analysis of the sensitivity of various printing parameters
using a DoE approach, at least until manufacturing and testing repeatability are improved,
as the expected sensitivity of these parameters may be of the same order of magnitude
as the obtained result’s dispersion. Following this initial approach, more refined subse-
quent studies will focus on reducing result dispersion by ensuring reduced anisotropy and
increased material homogeneity, conducting formal DoE sensitivity analyses to printing
parameters, and validating the results using numerical and analytical structural modeling
for better understanding of local buckling and global deformation. Nonetheless, this study
demonstrates a previously unknown sensitivity of compressive strength to configuration,
here denoted as local-to-global buckling coupling, implying that the analytic formulations
for the critical local buckling load determination used by Vasiliev and Totaro should be
used with caution, a behavior that will be further investigated in future studies, at least for
structures with low-order number of helical ribs and cylindrical stages.
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