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1. Abstract

Three-dimensional open geometries originating from nontraditional manufacturing designs such as point clouds,
sphere packings, and mathematical file generation can be challenging to manufacture when the structures have dis-
order and overhanging geometric features. This study algorithmically created rigid 3D geometries representing
granular packings and hyperuniform point clouds suitable for fabricating metallic disordered metamaterial (MDM)
geometries using additive manufacturing. This approach produced nonrepeating connecting beam angles ranging
from 0° to 90° relative to the build plate. Prototyping using laser powder bed fusion (LPBF) was challenging
for the low-angle connecting beams, due to heat transfer differences when printing on powder compared with a
solid substrate. An initial set of unsupported MDM geometries revealed failed connecting beams and geometric
inaccuracy. We performed a systematic study to emulate the complex beam angles by printing cylinders ranging
from 1.0 mm to 3.0 mm in diameter and angles ranging from 10°, to 90°, relative to the build plate. Unsupported
connecting beams tended to lose geometric integrity at angles below 30°, and failed at 10°, resulting in geometric
deviation on the downfacing surfaces. However, varying LPBF input energies and support strategies mitigated
the geometric deviation. These results were used to successfully fabricate MDM geometries with limited and
removable supports.

2. Introduction

Open lattices, complex systems, and repeating cell metamaterials have gained attention as engineering mate-
rials due to their high strength-to-weight ratio and tunable transport, optical, and mechanical properties [1, 2, 3,
4, 5, 6, 7]. Among these, disordered hyperuniform systems are of specific interest, as they have mathematically
demonstrated properties ranging from tunable elastic moduli, complete isotropic photonic band gaps, resistivity,
and enhanced absorption of acoustic and electromagnetic waves [8, 9, 10, 11, 12]. Disordered hyperuniform sys-
tems are characterized by an anomalous suppression of large-scale density fluctuations compared to those found
in standard disordered systems [13, 14]. The hyperuniformity of a sample can be diagnosed via, e.g., X-ray scat-
tering experiments if the scattering intensity S (k) of the sample approaches zero as the wavenumber k ≡ |k| tends
to zero, ignoring forward scattering [15], i.e., S (k) → 0 as k → 0. Hyperuniform density fluctuations can be
found in a wide variety of different systems including biological [16, 17, 18], astrophysical [19, 20], and packings
of spherical [21, 22, 23, 24, 25, 26] and nonspherical [27, 28, 29] particles, among many others (see. e.g., Ref
14 for additional examples). However, these systems offer considerable challenges to manufacture into engineer-
ing structures due to their nontraditional geometries, which may contain multiple connecting beams at aperiodic
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angles and variations in beam density and diameter. Additionally, limited studies exist for fabricating open hy-
peruniform systems as solid geometries, especially in common engineering alloy systems such as titanium (Ti),
steels, or nickel (Ni) alloys.

Many approaches exist to computationally generate and study hyperuniform structures, to expand the design
space available for solid geometries [30, 31, 1, 9, 32, 33, 34]. An extensive review of such methods can be found
in Refs. 14, 35, and references therein. Often, these methods result in a dispersion of disjoint bodies, e.g., the
scheme in Ref. 30 that describes a tessellation-based scheme to make polydisperse hyperuniform dispersions of
nonoverlapping particles, making it difficult to construct them experimentally. A promising method for converting
such computer-generated hyperuniform point clouds into manufacturable geometries is to generate a tessellation
from the point cloud and then use the resulting set of line segments [36, 9, 37, 38] as printable beams. For
example, Muller et al. [39] designed a 3D cellular geometry by connecting centroids of hyperuniform sphere
packings to create a disordered network of beams. However, manufacturing of engineered hyperuniform-inspired
materials has mostly been limited to singular custom assemblies due to the inherent complexity of the structure
and finite scale effects [40, 41]. Namely, Chéron et al. [42] arranged alumina beams in a hyperuniform point
pattern to study wave transport [42], and Man et al. [36] constructed a hyperuniform disordered network of cells
comprised of alumina cylinders and walls to study photonic band gaps. Moreover, computational studies of these
network structures generated from hyperuniform point clouds demonstrated their desirable conductive and elastic
properties [9, 37, 38].

Additive manufacturing (AM) opens up new opportunities to produce disordered and complex structures be-
cause the layer-by-layer nature of the process allows for geometric freedom and the fabrication of highly complex
geometries [43, 44, 45]. Furthermore, AM offers flexibility in materials selection and size scale, making this pro-
cess suitable for hyperuniform and disordered materials discovery [46]. A limited number of studies have reported
the use of AM to fabricate solid geometries from granular and hyperuniform-inspired structures. Siedentop et al.
[47] manufactured a stealthy hyperuniform 3D geometry using selective laser sintering (SLS) of Nylon mixed
with high refractive index additives to explore bandgap structure response. Sniechowski et al. [48] used a hyper-
uniform point cloud to represent trabecular bone, using network theory techniques to connect point clouds into an
STL file for 3D printing. Demonstration articles of the bone with a 5 mm footprint were produced using digital
light processing (DLP) of resin and laser powder bed fusion (LPBF) of Ti-6Al-4V, and Wit et al. [49] performed
a similar experiment using DLP of resin. Muller et al. [39] used a related DL-writing (DLW) AM process using
resin with TiO2 and chemical vapor deposition of Si to form hyperuniform microlattices to study photonic band
gap materials. Although these reported examples demonstrated that AM of hyperuniform-inspired solid materials
is possible, a manufacturing methodology remains undeveloped for fabricating metallic disordered metamaterial
(MDM) geometries using common engineering metals and alloys.

PBF processes are well-established methods for producing metal parts by AM [43, 44]. Inherent process
parameters, such as laser or electron beam spot size and powder size distribution, enable the fabrication of high-
precision, submillimeter scale features, often utilized in the manufacturing of repeating cell metamaterials and
lightweight lattice structures [50, 51, 52]. Fewer works have explored AM as an avenue for fabricating stochastic
lattice structures, largely focused on trabecular design for biomedical applications [53, 54, 55, 56, 57, 58, 59].
Other approaches have been developed to generate different types of stochastic lattice networks for AM, including
a strut based cancellous bone-inspired stochastic network [60], a Poisson Disk algorithm distribution of connected
nodes [61], and heterogeneous unit cells of square grids with diagonal struts inspired by glass sponges [62].
Despite these advancements, there remain limitations in this body of work. For example, a majority of these
studies fabricated the lattices in Ti-6Al-4V, which has well known material properties and process parameters
[63, 54, 55, 62, 61, 59, 64], with only a few studies exploring different material systems, such as magnesium [65],
tantalum [53, 66, 56, 61], and NiTi [58]. Additionally, many of the studies show the ability to fabricate complex
lattice structures, but fail to quantitatively address the quality of the manufactured parts. In light of these aspects,
a compelling next step is to combine the robust research on LPBF of metamaterial and stochastic lattice structures
[67, 68, 51] with hyperuniform exploration, resulting in a new class of disordered metamaterials. This new class
of disordered metamaterials differ from previously studied stochastic lattices, in that the structures contain long
range uniformity despite the random appearance, allowing for predictable and tunable properties compared to the
stochastic counterparts. However, introducing geometric disorder into metamaterials, such as nonrepeating cells,
aperiodic beam angles, and varying connecting beam diameters, raises unique challenges pertaining to LPBF.
These include features such as overhang angles [69, 70, 71, 72], thin walls [73, 74], and support design.

As previously discussed, limited material systems are reported for AM of stochastic lattices or hyperuniform
geometries. Therefore we selected the copper-based alloy, GRCop-42 due to its combination of transport and tun-
able mechanical properties which are of great interest for hyperuniform systems. GrCop-42 is an alloy developed
at NASA Glenn Research Center designed for applications such as, thin-walled regeneratively cooled combustion
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chambers in rockets, which require material capable of high heat flux, oxidation resistance and elevated temper-
ature strength[75, 76, 77, 78, 79, 80, 81]. The alloy was one of a series of high heat flux materials with generic
compositions of Cu-2Cr-Nb (4Cr-2Nb for GrCop-42) which forms nanoscale Cr2Nb as an intermetallic strength-
ener. GrCop-42 has been reported to have thermal conductivity exceeding 300 W/mK at 1000K and electrical
conductivity approaching 85% of the international standard for annealed copper (IACS), while maintaining an
ultimate tensile strength of 150 MPa at 750K. This combination of properties makes it interesting to study for
hyperuniform systems with potentially unique transport, such as tunable heat transfer & electrical resistivity and
high strength-to-weight ratio geometries. This alloy was traditionally gas atomized into powder to avoid coarsen-
ing of the intermetallic, and consolidated by conventional low temperature powder metallurgy (P/M) operations
such as warm rolling or forging. Recently the alloy has been processed by LPBF to take advantage of the fast
cooling rates associated with melt pool solidification to maintain fine Cr2Nb dispersoids.

Our study focuses on developing a systematic, material agnostic, and geometrically accurate manufacturing
process to fabricate complex MDM geometries, overcoming many of the challenges existing in the current liter-
ature. First we generate a ”math to STL” pipeline, taking disjointed point clouds and connecting them to make
printable geometries. In doing so, we expand the capability of creating hyperuniform materials from singular
custom assemblies to manufacturable parts. Second, we provide a systematic method for developing successful
process parameters required to print geometrically accurate MDM geometries. This process is intended for itera-
tive design where geometric accuracy is critical to maintain and quantify hyperuniformity. This method is material
agnostic, extending the range of potential alloys that can be used for LPBF of these complex components. Finally,
we present analysis techniques to quantify geometric error in the MDM geometries, and show the role of varying
process parameters and supports on geometric accuracy.

3. Methods

3.1. Disordered Geometry Generation

Figure 1 illustrates the steps to convert the granular configuration and hyperuniform point clouds into printable
STL files. The granular configurations start as output from the molecular dynamics software LAMMPS [82],
where a point cloud was created containing the locations of the centers of the spheres and an adjacency matrix
listing all particles, which were recorded with non-zero force [11]. A round beam was created for each such
interparticle contact, and the beams were assembled into a nominal geometry and output to an STL file for AM
[83]. The code-generated STL file was then input into Materialize Magics for minor repair prior to LPBF.

The hyperuniform point cloud considered in this work is the uniformly randomized lattice (URL) [84]. To
generate a URL point cloud, a set of N = n3 points were arranged in a simple cubic lattice, where n is the number
of points along one of the axes of the periodic simulation box. Each point was then displaced in this lattice by a
3-dimensional vector where each element of the vector was uniformly randomly chosen from the interval

[
− a

2 ,
a
2

)
,

where the perturbation strength a is given in units of the size of the simple cubic fundamental cell. This type
of point cloud has S (k) ∼ k2 scaling as k → 0 for all values of a > 0, and thus is in the strongest class of
hyperuniformity [84]. In this work we chose N = 216 and a = 0.1 and 1.0. To convert these point cloud into
a network structures a Voronoi tessellation was computed by finding the region of space that was closest to each
point in the point cloud (respecting periodic boundary conditions), which yielded a set of polyhedra that filled the
simulation box. The set of edges that made up each polyhedron was the set of edges that was then treated as the
network. It should be noted here that while the point cloud considered here is hyperuniform, the corresponding
network only partially inherited the hyperuniformity of the progenitor point cloud [85]. To convert this network
into a printable structure, the structure was truncated at the periodic boundaries and each edge replaced by a
cylinder, the union of which was output to an STL file for AM.

3.2. Materials and Additive Manufacturing

All metallic articles were manufactured using 15 to 45 micron GRCop-42 powder on an EOS M290 with a
constant 0.03 mm layer thickness and a 0.080 mm laser spot diameter. First, a design of experiment was conducted
using 10 mm × 10 mm × 10 mm cubes fabricated with varying laser power, speed, and hatch to develop a parameter
set resulting in 99.9% density, referred to as ”standard” in Table 1.

Cylinders of 3.0, 2.0, and 1.0 mm in diameter and 10 mm in length were fabricated on a rectangular base of
5 mm × 8 mm × 30 mm to study the effect of print angles on geometric integrity. The cylinders were printed at
angles of 90°, 60°, 30°, and 10°, respectively, to the build plate to emulate the range of angles observed in the
MDM STL file, as demonstrated in Figure 1c and f. The cylinders were designed using Materialize Magics and
printed with a standard and a reduced energy parameter set for both melt and downskin parameters. The downskin
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Figure 1: (a) Rendering of a granular packing created in LAMMPS by raining particles under gravity, together with the force network (b)
observed within that packing [11], (c) rendering of an STL File generated from an example force network. (d) Rendering of a hyperuniform
point cloud, connected by an adjacency matrix to form a network (e), and (f) rendering of an STL file generated from the hyperuniform point
cloud. Images for (a) and (b) are reproductions with permission from Springer Nature.

was applied to the entirety of the first 3 layers of the overhanging geometries below 40 degrees, before the melt
parameters began. Selected parameters used in the experiments are shown in Table 1.

Based on the best results from the melt and downskin study, a set of 2.0 mm cylinders were fabricated at
10° with a custom support strategy to further improve the geometric accuracy of the overhanging connecting
beams. The custom support design used for the cylinders and the final MDM geometries was derived from a series
of experiments exploring various support types, parameters, and placement. Initial supports were generated on
a full granular MDM geometry, using traditional tree & branch and polyline perforated support types. Support
parameters such as distance between points of contact on the geometry surface (anchor distance), the width of the
contact points (anchor width), and creation and width of breaking points in the supports were varied to examine
the dynamic between ease of support removal and efficacy of supports on geometric integrity of the connecting
beams. The supports were generated from the base of the plate to the connecting beams which led to difficulties
in removing the support without causing damage to the connecting beams, particularly toward the center of the
MDM geometry.

A new support strategy was tested using contoured area to bar supports to ease support removal. The area to bar
design allows for many anchor points to be placed on each connecting beam for added support, while thin enough
for easy removal. This is especially important for MDM geometries with a high density of points in the point
cloud, as exterior beams limit access to internal geometries for manual support removal. The new support designs
were tested on a quarter of the hyperuniform MDM geometries and 2.0 mm cylinders to compare support removal
and geometric integrity of the beams. A total of 10 support designs were tested, varying anchor distance, anchor
width at the connecting beams (width at end), width at platform, and breaking point width, examples of which can
be seen in Figure 2. The anchor width at end was kept smaller than the breaking point width for all designs, so
that the supports would break off directly at the point of contact with the connecting beams. Additionally for the
quarter MDM geometries, the supports were generated from beam to beam rather than from the base of the plate
to minimize the amount of support. The supports were removed from the quarter MDM geometries using a high
velocity water jet to accelerate the removal process and reach all of the internal supports within the geometry.

A final set of granular and hyperuniform MDM geometries were fabricated with a nominal footprint size of
65 mm × 65 mm × 65 mm and a connecting beam diameter of 1.5 mm, both supported and unsupported for
comparison. All STL files were sliced to 0.030 mm layer thickness in Materialize Magics software and all metal
geometries were separated from the build plate using a Mitsubishi FA10S electrical discharge machine (EDM).
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260 W Standard

Melt

Laser Power 260 W
Laser Speed 760 mm/s

Hatch 0.07 mm
Energy 162.9 J/mm3

Original
Downskin

Laser Power 86.7 W
Laser Speed 621.5 mm/s

Hatch 0.064 mm
Energy 72.7 J/mm3

220 W Reduced

Melt

Laser Power 220 W
Laser Speed 750 mm/s

Hatch 0.07 mm
Energy 139.7 J/mm3

Reduced
Original
Downskin

Laser Power 73.3 W
Laser Speed 613.3 mm/s

Hatch 0.064 mm
Energy 62.6 J/mm3

Standard,
Reduced Downskin1

Laser Power 96.0 W
Laser Speed 650.0 mm/s

Hatch 0.07 mm
Energy 68.1 J/mm3

Standard,
Reduced Downskin2

Laser Power 126.0 W
Laser Speed 650.0 mm/s

Hatch 0.07 mm
Energy 92.3 J/mm3

Standard,
Reduced Downskin3

Laser Power 147.0 W
Laser Speed 650.0 mm/s

Hatch 0.07 mm
Energy 107.7 J/mm3

Table 1: GRCop-42 Machine Parameters used for the MDMs and cylinders. A 5.0 mm stripe was used for all specimens. Standard, Reduced
indicates both 260 W and 220 W melt parameters were used with each respective Downskin parameter set.

3.3. Characterization and Testing

The 3.0, 2.0, and 1.0 mm diameter cylinders were scanned using an Amatek Creaform HandyScan 3D laser
scanner with 0.025 mm resolution. The original STL files and laser scans were imported into Cloud Compare
software for geometric analysis [86]. The STL files and laser scans were aligned to a root mean square (RMS)
difference of 1E-7, and the distance of the vertices between the two files was calculated for geometric accuracy.
This measurement method was not used on the printed disordered geometries, due to a lack of depth penetration
on larger footprints.

Selected MDM geometries were examined by X-ray computed tomography (XRCT) using an RX Solutions
EasyTom 150/160 micro-CT system (150 kV source). Imaging resolution was 77 m/voxel. Each geometry was
fully captured within the field-of-view of its CT scan. XRCT reconstructions were performed in the RX Solutions
X-Act software (version 23.04), and the reconstructed images were binarized with a fixed, heuristically chosen
threshold to isolate pixels representing solid material from pixels representing voids. The binarized XRCT data
was exported in 16-bit TIFF image format. The images were imported into Dragonfly software (Object Research
Systems, Inc, Montreal, Quebec, Canada), where they were converted to mesh files and exported as STL files. The
measured and nominal STL files were imported into Cloud Compare software [86] for geometric comparison of
the fabricated and nominal MDM geometries.

3.4. Thermal Model

A thermal model was used to estimate melt pool temperatures during fabrication of the MDM beams. Python
scripts defining the model size, boundary conditions, thermophysical properties, and process conditions (beam
power, speed, and hatch, etc) were run in the open source finite element method software, FENICS [87, 88, 89, 90].
The model implemented a moving Gaussian heat source with a spot diameter of 0.080 mm to emulate the laser
beam size of the EOS M290. The beam was moved in a bi-directional raster pattern with a minimum of three
beam raster lines were run with a hatch spacing of 0.07 mm, depending on the parameters being evaluated. The
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Figure 2: (a) Quarter hyperuniform MDM geomtries printed with varied support strategies, (b) Table of support parameters for each of the
support strategies.

thermal model did not include fluid dynamics or change of state but has been shown to adequately describe melt
pool formation in powder bed fusion [91, 92]. The pool size was estimated by sectioning the model output and
applying temperature contours using Paraview [93]. The width, depth, and temperature of the melt pools were
estimated by thresholding the temperature using 1356°C as liquidus.

4. Results & Discussion

Table 1 is a summary of the melt parameters used to fabricate the MDM geometries and cylinders which
includes: laser power, speed, hatch, and calculated volumetric energy density[94, 95]. The standard parameters
were developed using the design of experiment described in the methods demonstrating 99+% relative density. The
’Reduced’ parameters represent 0.85× the laser power with a slightly adjusted speed from 760 mm/s to 750 mm/s
to account for the lower power. It is common in LPBF parameter development studies to use prismatic shapes
such as cubes, cylinders, thin wall plates, or hollow tubes [96, 97, 98, 73, 99]. However, when printing MDM
geometries, each 2D slice of the STL file produces an unorthodox and aperiodic melt pattern which results in
random local and global heat input for each layer. The irregular heat input makes the implementation of a single
parameter set difficult, so the application of melt and downskin parameters, plus removable supports, is important
for parameter development of these structures.

Figure 3a is a post-melt image of a typical aperiodic melted layer, where low-angle beams printed as long
surfaces, often exhibiting oxidation and tinting due to overheating as indicated by the red arrows. This occurs
especially in the first few layers of the beams below 30°, as each horizontal beam extends its length over powder for
a given layer. In contrast, angles exceeding 75° print as round areas where the heat extraction is comparable to that
of prismatic articles. Figure 3b shows two resulting AM-fabricated, unsupported MDMs with varying structural
disorder (left to right, a=0.1 & a=1.0), and multiscale disorder such as beam surface roughness and powder particle
adherence which are of interest, because the transport properties in some systems may be influenced by multiscale
disorder [14]. For PBF, the influence of size scale will become nontrivial at diameters below 0.5 mm, due to the
convergence of feedstock particle and melt pool sizes with small diameter connecting beam dimensions.

A general inspection of the unsupported geometries in Figure 3 shows largely successful prints. However,
close inspection reveals a number of connecting beams have obvious geometrical defects, including powder ag-
glomerations, severe warping, or failure below 30°, typical of reported overhang features in LPBF. One method
to reduce geometric defects in overhanging structures is the use of downskin parameters. Cylinders ranging in
diameter from 1.0 to 3.0 mm were printed at angles from 10° to 90° using 260 W and 220 W melt parameters, as
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a b

Figure 3: (a) The disordered melted pattern of a layer with arrows indicating overheating and oxidation (b) MDM geometries fabricated with
LPBF

.

shown in Figure 4a. The printed cylinders were compared with their nominal STL file, resulting in cloud-to-mesh
signed distance [100, 101] heat maps, shown in Figure 4b. The heat maps reveal a decrease in geometric accuracy
for 1.0 mm to 3.0 mm diameter cylinders printed at angles less than 30°, regardless of cylinder diameter. At low
angles, large deviations in geometry are observed on the downfacing surfaces of the cylinders, where the laser is
printing directly onto the powder bed. This is represented by the blue (negative) or red (positive) dimension scale,
where the cylinders’ surfaces are significantly distorted or swept away during recoating, until stable enough to
build upon.

Figure 4c shows the geometric deviation of the cylinders at 10°, 30°, 60° and 90°, as measured along the
distance from the base. The measured values in Figure 4c reveal an effect of diameter and angle on the geometric
accuracy of the cylinders. At 90°, negligible deviation occurs for both the 260 W and 220 W energy conditions.
For example, at 90° the 260 W, 3.0 mm diameter cylinders have an average geometric deviation of 0.027 ±
0.016 mm, and the 220 W, 3.0 mm diameter cylinders have an average deviation of 0.044 ± 0.019 mm. The
larger deviation in the 220 W specimens can be attributed to powder agglomerations on the surface, not seen in
the 260 W cylinders, for this specific sample set. The deviation slowly increases as the print angle decreases.
However, at 10°, significant geometric inaccuracy is measured in the unsupported cylinders of diameters of 3.0
and 2.0 mm, with the 1.0 mm cylinders showing reduced geometric deviations. For example at 10°, the 260 W,
3.0 mm cylinders have an average deviation of 0.21 ± 0.15 mm and the 220 W, 3.0 mm cylinders have an average
deviation of 0.070 ± 0.066 mm. A decline in quality with increasing overhang angle is often reported in LPBF
literature, due to the difference in thermal conductivity between the point contacts of powder particles in the bed,
compared with printing on a solid substrate of the same composition. As the overhang area increases, more of the
geometry prints directly onto the powder bed in the first several layers of a given feature, leading to heat build-up
and infiltration of the melt pool into the bed. This has been shown to cause geometric inaccuracy, dross formation,
or failure [73, 72, 74, 102, 103, 104].

From the results in Figure 4, it is apparent that both the standard and reduced melt parameters produce similar
geometric deviation for the cylinders. However for the remainder of the study, both the cylinders and MDM
geometries were fabricated using the reduced melt parameters. The reduced parameters developed in this work
were found to be on the lowest end of allowable energy density for the GRCop-42 process window that produced
near full density cylinders, while minimizing the thermal stress experienced in the part as compared to the 260 W
melt parameters. Based on the these results, select sets of unsupported and supported 2.0 mm diameter cylinders
were printed at 10° to focus on the difficult, low-angle beams. The downskin parameters of these cylinders were
varied to determine the effect of heat input on geometric accuracy. These results are compiled in Figure 5 and
Table 2. The geometric deviation of the cylinders is also plotted as a function of the distance from the base, shown
in Figure 5b and 5d.

Figure 5a shows the geometric deviation heat maps for the unsupported 2.0 mm cylinders printed with reduced
220 W melt parameters and varied downskins. As the power in the downskin increases, the geometric deviation
also increases especially on the downfacing surfaces. This can also be seen in the deviation graphs in Figure 5b and
the average geometric and standard deviations calculated in Table 2. For example, the 96 W downskin resulted in
an average geometric deviation of 0.092 ± 0.075 mm, while the 126 W downskin resulted in an average geometric
deviation of 0.15 ± 0.11 mm. Figure 5c and 5d show the geometric deviation heat maps and corresponding
graphs for 2.0 mm cylinders printed with the custom support design and parameters. The supported cylinders
were fabricated with the reduced 220 W melt parameters and 96 W downskin, as these parameters produced the
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Figure 4: Geometric accuracy of thin wall cylinders (a) Unsupported cylinders ranging from 10° to 90° , (b) Geometric deviation heat maps
(dimensions in mm) of the downfacing regions of unsupported cylinders printed with 220 W, (c) Geometric deviation with respect to distance
of the cylinder from the base for varied cylinder diameter, overhang angle, and power using ’Original’ downskin parameters in Table 1. Error
bars are calculated as standard deviations.

best geometric accuracy for the 2.0 mm unsupported cylinders printed at 10°. In comparing the average geometric
deviation and the standard deviation of the unsupported cylinders and the supported cylinders, it is clear that the
addition of supports has a significant impact on the geometric deviation. For example, the 96 W unsupported
cylinder has an average geometric deviation of 0.092 ± 0.075 mm, whereas the 96 W cylinder with a support 1
strategy has an average geometric deviation of 0.051 ± 0.049 mm.

As described in the methods section, a total of 10 unique support designs were tested on a quarter of a hyper-
uniform MDM to observe how the support parameters influenced geometric integrity and ease of support removal.
From those 10 support designs, a total of 3 were downselected upon that criteria, and are listed in Figure 2b. The
effectiveness of each support design was then quantified on the standalone cylinders, as seen in Figure 5c and 5d
and Table 2. The results show a negligible difference in the average and standard geometric deviation of the sup-
ported cylinders with support strategies 1 and 3. However the results differ for support strategy 2, with an average
geometric deviation of 0.068 ± 0.079 mm. It can be observed from the heat map of strategy 2 in Figure 5c, that
not only was the downfacing side of the cylinder thermally unstable, indicated by the negative dimension in blue,
but the surface also contained a significant amount of agglomerated powder particles. This is due to the combina-
tion of support parameters used. For example, when comparing strategy 2 with strategy 1, strategy 2 has a larger
anchor distance leading to less anchor points, thereby decreasing the total amount of support and contributing to
the increase in average geometric deviation. In comparing strategy 2 with strategy 3, they have the same anchor
distance, however strategy 3 has more surface in contact with the connecting beam, indicated by ”width at end”
in Table 1. With less support material in contact with the connecting beam, strategy 2 results in larger deviations
than strategy 3, likely due to insufficient heat removal.

The downksin results in conjunction with the initial unsupported cylinders in Figure 4 demonstrate that there
exists a fine thermal balance in the downskin parameters for unsupported, low-angle connecting beams. The
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original downskins used for both the standard and reduced melt parameters had insufficient energy in the first few
layers of the print. When the melt parameters subsequently melted in the layers above, the downskin likely could
not support the thermal stress, resulting in larger geometric inaccuracies on the downfacing surface compared to
the cylinders with higher energy downskins. However when the downskin energy was too high, the liquid melt
pool infiltrated the powder bed [71, 69], increasing the geometric deviation due to powder agglomerations on the
surface or loss of geometry. Additionally, the standalone cylinder results emphasize that the addition of supports
plays a more influential role in improving geometric integrity of overhanging geometries as compared to tuning
the downskin parameters, since the supports act as a heat sink.
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Figure 5: Effect of downskin parameters and supports on geometric deviation of thin wall cylinders. (a) Deviation (dimensions in mm)
heat maps of the downfacing surfaces of unsupported, 2.0 mm cylinders printed with 220 W melt parameters at an angle of 10°, and varied
downskin parameters (b) Geometric deviation with respect to distance from the print base for 220 W , 2.0 mm diameter cylinders, with varied
downskin, (c) Deviation heat maps of the downfacing surfaces of supported, 2.0 mm cylinders printed with a 96 W downskin and varied
support strategies, (d) Geometric deviation with respect to distance from the print base for 2.0 mm cylinders and varied support strategies.
Error bars are calculated as standard deviation.

Print Condition Avg STD
96 W 0.092 0.075
126 W 0.15 0.11
147 W 0.11 0.10

Support 1 0.051 0.049
Support 2 0.068 0.079
Support 3 0.046 0.050

Table 2: Average geometric deviation and standard deviation for 2.0 mm cylinders manufactured with varying downskin and support parame-
ters at 10°. All results in mm.

Previous studies have reported similar results on the effects of process parameters and overhang angles on thin
walls and overhanging geometric features. Fox et al. [71] fabricated parallelepipeds with overhang angles of 30°,
45°, 60°, and 75°, with varied parameters. Their results showed higher energy parameters induced more thermal
stress in the part, and that surface roughness increased with increasing overhang angle. Wang et al. [105] found
that for overhanging geometries, dross formation, and warping effects were caused by higher input energy [69].
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Wu et al. [73] fabricated thin walls of varying thickness (100 to 900 microns) and overhang angles (30°, 45°, and
60°) to determine fabrication limits for thin wall structures in LPBF. They found that minimum wall thicknesses
can be successfully built using lower energy parameters. Furthermore, Xie et al. [99] reported that wall thickness
deviation increased with increasing power.

Other studies detailed the significant influence of overhang angle on the surface quality and dimensional accu-
racy of LPBF parts. Zhao et al. [106] reported that the overhang angle itself had the largest impact on dimensional
accuracy and surface quality for thin wall struts, with the downfacing surface having the greatest surface rough-
ness. McGregor et al. [52] evaluated downfacing surfaces of 1.0 mm thick struts in a lattice geometry, and observed
poor geometric fidelity of downfacing surfaces with an overhang angle of 15°or less. Shange et al. [72] fabricated
parallelepipeds with overhang angles ranging from 25° to 90° at 5° increments. They observed large amounts of
powder agglomeration on the downfacing surfaces at low angles, mainly fabricated below 45°.

A Gaussian, moving heat source, thermal model was used to gain insight into how melt pools form at vary-
ing laser powers and thermal conductivities. The ambient thermal conductivity (k) for GRCop-42 is typically
330 W/m·K. However, the thermal conductivity of the powder bed may be as low as 0.17 W/m·K, due to point
contacts of the powder [107, 108, 109, 102, 103, 104, 110, 111]. This difference in thermal conductivity is likely
a major contributor to the observed failure and geometric deviation of low-angle connecting beams and cylinders
printed in this study. Figure 6 shows the simulated melt pool temperatures for varied processing conditions. Esti-
mated k values of 33 and 330 W/m·K [109] were used to represent the thermal conductivity extremes of the LPBF
process, printing connecting beams or cylinders between 90° (vertical) and 10° (horizontal), respectively. Figure

Figure 6: Simulated melt pool maximum temperature with variations in thermal conductivity and laser power. The inset in the top right shows
an example of a simulated melt pool with temperature contours.

6 shows the 220 W melt and 96 W downskin parameters with estimated temperatures approaching 3300 K and
1500 K for the 90°cylinders, respectively. Temperatures at decreasing angles rise sharply at 30°and below, where
the melt temperatures approach 6000 K while the downskin exceeds 3000 K.

These estimated temperatures imply there is a fine thermal balance associated with printing supportless, low-
angle, connecting beams. If the downskin energy is too low, the relatively cool, small melt pools may not overlap
sufficiently within the 70 micron hatch, leaving them prone to significant lack of fusion defects and failure upon
subsequent melt parameters. If the downfacing surfaces become too hot, they may oxidize or the liquid may
infiltrate into the bed, potentially causing significant geometric deviation or connecting beam failure, upon sub-
sequent melting. For simple cylinders with a constant overhang angle, optimization of the downskin is more
straightforward. However, the aperiodic beam angles of the MDM geometry make implementing a single down-
skin parameter challenging, since the angles are changing layer to layer. Therefore, heat input and parameters may
need to be tuned for each 2D layer as connecting beam angle, beam size, and beam density change with Z-location
in an MDM geometry.

A final print of the two MDMs (Hyperuniform and Granular) was performed, utilizing lessons learned, to try
and produce more accurate geometries compared with its nominal STL file. XRCT results for the final supported
65 mm footprint MDMs are compared with unsupported MDMs, as shown in Figure 7. The geometries were fab-
ricated using the reduced melt and down selected downskin parameters, see Table 1. The supports were generated
using strategy 3, described in Figure 2b, and placed throughout the geometry at angles below 30° to help dissipate
heat in the beams and improve large overhanging connecting beams.

Figure 7a shows the geometric deviation heat maps for each of the unsupported and supported MDMs. The
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unsupported hyperuniform (UH) MDM behaved as expected, with connecting beams below 30°showing large ge-
ometric deviation up to 7.53 mm, indicated by the red dimension on the heat map. The corresponding probability
distribution of geometric deviation for the UH MDM can be seen in Figure 7b, showing an overall average ge-
ometric deviation of 0.22 ± 0.62 mm. In contrast, the supported hyperuniform (SH) MDM counterpart reduced
the geometric deviation for the low-angle connecting beams, as is notably observed by the decreased red dimen-
sion present in the heat map in Figure 7a. Additionally, the probability distribution shows improvement in the
average geometric deviation with a result of 0.19 ± 0.43 mm. The granular MDMs show a similar trend, with
the unsupported granular (UG) MDM having an average geometric deviation of 0.18 ± 0.54 mm, compared to
the supported granular (SG) MDM with an average geometric deviation of 0.069 ± 0.39 mm. It is important to
note that the inherent complexity of the geometry, including total number of connecting beams and proportion
of connecting beams with large overhangs play a significant role in the outcome of these results. The granular
geometries contain not only less total number of connecting beams, but also considerably less overhangs than
that of the hyperuniform MDM. Therefore the geometric accuracy of the granular geometry, even unsupported, is
greater than that of the hyperuniform MDMs.
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Figure 7: Characterization of unsupported and supported geometries by Computed Tomography. (a) Geometric deviation heat maps of MDM
geometries: Unsupported Hyperuniform (UH), Supported Hyperuniform (SH), Unsupported Granular (UG), Supported Granular (SG), (b)
Normal probability distribution of MDM geometric deviation with and without supports, (c) Normal probability distribution of geometric
deviation for ranges of connecting beam angles in the MDM geometries.

Individual connecting beams from angle groupings of 0° to 30°, 30° to 60°, and 60° to 90° were analyzed,
and their normal probability distributions for geometric deviation shown in Figure 7c and written in Table 3.
The greatest deviations are found on the downfacing surfaces of connecting beams in the 10° to 30° grouping.
Similar observations are shown for the unsupported standalone cylinders in Figures 4 and 5. However, the sup-
ported MDM geometries still show improvement in this low angle range, with an average deviation across several
measured beams of 0.38 ± 0.59 mm in the hyperuniform MDM and 0.37 ± 0.59 mm in the granular MDM. In
comparison, the originally printed unsupported geometries have an average deviation of 2.51 ± 1.71 mm in the
hyperuniform MDM and 1.56 ± 1.01 mm in the granular MDM. As discussed in the previous results, geometric
inaccuracy of downfacing surfaces at these low angles is due to powder agglomeration from heat build-up and
melt pool infiltration into the surrounding powder. Many of the connecting beams with large overhang angles also
display significant deviations due to thermal warping from excess heat during printing. These issues can be most
effectively mitigated through the use of supports and lower energy melt and downskin conditions, as shown in
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Figures 4 and 5 and further confirmed in Figure 7.

0°-30° 30°-60° 60°-90°
UH 2.51 ± 1.71 0.43 ± 0.85 0.15 ± 0.28
SH 0.38 ± 0.59 0.13 ± 0.31 0.027 ± 0.24
UG 1.56 ± 1.01 1.00 ± 0.79 0.32 ± 0.45
SG 0.37 ± 0.55 0.11 ± 0.33 0.01 ± 0.16

Table 3: Average geometric deviation and standard deviation for 1.5 mm connecting beams in unsupported and supported MDM hyperuniform
and granular geometries. All results in mm.

As the print angle increases, the average geometric deviation improves with the supported geometries showing
the lowest deviation. In the angle range of 30° to 60°, the supported connecting beams have an average deviation
of 0.13 ± 0.31 mm in the hyperuniform MDM and 0.11 ± 0.33 mm in the granular MDM, compared to the
unsupported geometries with an average deviation of 0.43 ± 0.85 mm in the hyperuniform MDM and 1.00 ±
0.79 mm in the granular MDM. The lowest geometric deviation is seen in the 60° to 90° range, with the connecting
beams in supported geometry having an average deviation of 0.027 ± 0.24 mm in the hyperuniform MDM, and
0.01 ± 0.16 mm in the granular MDM. In contrast, the unsupported geometries have larger deviations even at
increased angles with an average deviation of 0.15 ± 0.28 mm for the hyperuniform MDM and 0.32 ± 0.45 mm
for the granular MDM. The geometric deviation is less for all unsupported and supported conditions in this angle
range, as the laser is remelting on a mostly solid area, thereby improving heat dissipation in the connecting beams
and reducing thermal warping and failure.

While the overall probability distribution curves for both MDM geometries indicate small improvements in the
total geometric accuracy with the addition of supports, distribution curves for each angle range show the significant
improvements made for the overhanging connecting beams. Not only did the average geometric accuracy of the
supported counterparts improve, but the variability for the connecting beams noticeably decreased. As the angle
increased, the accuracy improved as expected, however it should be noted that even for the self supporting angle
range of 60° to 90° the unsupported MDM geometries were less accurate than their supported counterparts. This
is most likely due to the added heat transfer supports contribute for the overall thermal balance of the bed, which
when lacking cause greater geometric deviations in the geometry. In total, these results emphasize the critical roles
that downskin and supports have on improving the quality and survival of overhanging features to successfully
fabricate geometrically accurate metallic disordered metamaterials.

5. Conclusions

Metallic disordered metamaterial (MDM) geometries were successfully fabricated using GRCop-42 on an
EOS M290 LPBF system. This was achieved through an iterative process of parameter and support development
that began as STL files generated using a published 3D bidisperse granular system and a uniformly randomized
lattice (URL), hyperuniform point cloud. These geometries presented multiple manufacturing challenges: aperi-
odic beam angles and overhangs, difficult-to-access support removal, and gradient beam density in the case of the
granular geometry.

To address some of these challenges, we performed cylinder prints to fine-tune the melt, downskin and support
strategies. It was found that a 220 W melt parameter, with a 96 W downskin parameter, and supports resulted in the
lowest geometric deviation for 2.0 mm cylinders at 10°of 0.046 ± 0.050 mm. Supported and unsupported granular
and hyperuniform MDM geometries were fabricated for a final comparison, with 1.5 mm diameter connecting
beams, 220 W melt parameters, and a strategically designed supports. The geometric accuracy of both the granular
and hyperuniform MDM’s were improved, upon the addition of supports with a final average geometric deviation
of 0.069 ± 0.39 mm and 0.22 ± 0.62 mm, respectively. Future work will involve more intensive model-guided
predictions to fine-tune melt and downskin strategies to successfully print low-angle connecting beams with a
limited number of supports.
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