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Abstract

In the context of market instability and increasing variability in consumer demands, the relevance of on-demand manufacturing
is growing significantly, with additive manufacturing (3D printing) becoming a key tool for its implementation. Specifically,
introducing 3D printing into the foundry industry allows for the production of metal castings with complex configurations, often
impossible using traditional methods. This study aims to analyze and test an innovative algorithm for the digital design of porous
metamaterials from Spherene Inc., with the goal of minimizing mass and controlling the properties of 3D-printed casting patterns
for the Lost Foam Casting (LFC) process. Analysis methods included investigating the theoretical aspects of triply periodic
minimal surfaces and their application in the Rhinoceros software environment for modeling unique porous structures. We
designed and printed experimental polymer pattern parts, controlling parameters such as density, wall thickness, and open pore
geometry. The results showed that the developed approach allows for the creation of lightweight yet strong patterns with spherical
cavities and translational porosity, which is crucial for optimizing the gasification process. This porosity enables effective
vacuum application from the casting mold to the pattern body, with directed gas removal. This minimizes the negative impact of
gasification products on casting quality and allows for the use of the vacuum suction effect for metal. The practical value of this
3D printing research lies in significantly reducing the design and production time for casting patterns, increasing the adaptability
of foundry enterprises to market changes, and implementing the "on-demand" manufacturing concept through the use of high-
precision 3D-printed patterns compatible with existing LFC equipment.
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1. Introduction

Amidst current market fluctuations, global instability risks, "on-demand" model include supply chain optimization and
and increasing variability in consumer needs, on-demand risk reduction by localizing production closer to the consumer.
manufacturing is becoming a promising strategy actively sup-  With products printed from digital files, digital spare parts cat-
ported by innovations in additive manufacturing (AM), also  alogs require significantly less investment than physically
known as 3D printing [1, 2]. The numerous advantages of the maintaining warehouses, thereby saving resources. Producing
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goods only when needed, minimizing waste and excess inven-
tory, reduces logistics costs. Lower transportation expenses
and fewer unsold goods contribute to a reduced carbon foot-
print. According to a McKinsey report, by 2030, the imple-
mentation of on-demand manufacturing could boost global
GDP by $2.3 trillion, and 73% of companies anticipate in-
creased profitability through this strategy, with AM serving as
a key enabler [1, 3].

AM, as a driving force for change, is increasingly consid-
ered for modernizing traditional foundry processes, orienting
them toward digital production. However, this process is quite
lengthy and knowledge-intensive. While the prospect of 3D
printing as a manufacturing process alternative to traditional
metal casting hasn't fully materialized, in certain areas of the
foundry shop, particularly in the production of polymer cast-
ing patterns, 3D printing can already deliver substantial bene-
fits. It provides access to advanced materials, enhances tech-
nological reliability, and enables the creation of products with
minimal mass through design optimization via digital model-
ing, all without significant retooling costs. 3D printing allows
enterprises to produce complex parts with minimal human in-
tervention, capable of automating up to 95% of the pre-pro-
duction and geometric modeling stages. This significantly re-
duces labor costs and lead time compared to traditional tech-
nologies by eliminating the need for complex tooling and
manual pattern assembly. This introduces the possibility of
quickly changing product configurations through flexible
management of digital files and applying complex organic ge-
ometries that traditional manufacturing methods often cannot
achieve. The printing process is minimally dependent on pro-
duction volume, whether it's a single part or a series, and eco-
logical benefits are achieved through waste reduction. Replac-
ing one product with another only requires uploading a new
digital file, minimizing equipment downtime. However, for
parts requiring heat treatment or additional testing, designing
with minimization of subsequent operations remains crucial.

2. Literature Review

In general, additive technologies, combined with the con-
cept of on-demand manufacturing, are becoming an integral
part of the industrial digital transformation. This not only pro-
vides competitive advantages but also opens up new opportu-
nities for creating flexible, economically efficient production
systems where 3D printing is an indispensable component [4].
In particular, foundry enterprises are increasingly recognizing
the potential of digital transformation to enhance their profit-
ability while adapting to decarbonization requirements [5].
Furthermore, 3D printing is emerging as a powerful tool for
creating new products with innovative materials and improved
properties, with an unparalleled pace of development.

3D printing is especially promising for Lost Foam Casting
(LFC), a metal casting process that uses single-use porous pol-
ymer patterns (primarily made from expanded polystyrene,
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EPS). These patterns vaporize within a sand mold when mol-
ten metal is poured into it [6]. The cost of patterns for tradi-
tional LFC can amount to up to one-third of the total casting
cost, including significant expenses for pattern tooling. Auto-
mated 3D printing of such patterns can improve efficiency and
quality, particularly for small-batch, repair, and customized
metal casting production, thereby stabilizing manufacturing
competitiveness in the modern market. Utilizing a digital
model (without paper drawings), and thanks to advancements
in modern information technologies and computer engineer-
ing, 3D printing of polymer patterns implements a fundamen-
tally new concept of "digital-to-physical conversion” (from a
digital file to a physical structure) [3]. The rapid change in the
configuration of cast metal products, following design modi-
fications to the corresponding disposable printed casting pat-
terns in their digital drawings, is a specific advantage of 3D
technologies for LFC. This benefit is realized at the design and
printing stage of these patterns, without requiring reformatting
of other foundry equipment and tooling in existing facilities.

Justifying the research problem requires a critical analysis
of the advantages of 3D printing for LFC compared to other
approaches to additive metal production. Current methods of
3D printing metal and refractory structures are characterized
by high capital investment in energy-intensive equipment, fre-
quent need for protective atmospheres during printing, and
challenges in adapting to existing quality control standards for
the product material. These factors significantly increase the
cost of printed metal products (by approximately an order of
magnitude) compared to typical casting methods, complicat-
ing their competitiveness. In contrast, a much more accessible
and promising direction for implementing 3D printing in
foundry production is the creation of porous polymer patterns
as disposable casting tooling for the LFC process. Since the
casting in LFC forms after the pattern vaporizes, its quality
and compliance with the metal grade are controlled by current
standards.

However, despite these advantages, the development of 3D
printing for polymer structures does not yet provide materials
with as low a bulk density as traditional EPS. This makes
printing lightweight patterns with low mass and gas evolution
a challenging task [6]. Early attempts at gasifying printed pat-
terns often resulted in unstable casting quality due to high ash
content and high gas evolution. Considering that the potential
of 3D printing in the LFC process is currently being realized
primarily at an experimental level, the development of new
methods for designing lightweight porous patterns, improving
their 3D printing, and related software is a relevant scientific
and engineering topic. This motivated our study, aimed at
finding optimal porous materials for their digital modeling,
printing, and efficient gasification with minimal financial and
time costs.

It should be noted that, according to online information,
only one company, Skuld LLC (USA), is attempting to market
the LFC method using printed patterns, based on its patented
process [7]. The company reported that in their LFC method,
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the printed pattern is combined with an EPS backing. Overall,
according to current publications, the LFC process continues
to expand in the foundry industry, with expert estimates ap-
proaching 3-4% of global casting volume, which amounts to
approximately 3-4 million tons. A notable increase in the
number of LFC enterprises has occurred in China, contrib-
uting to the country's achievement of world leadership in cast-
ing tonnage.

3. Materials and Methods

In this study, we focused on the analysis and testing of an
innovative algorithm for the digital design of porous met-
amaterials from Spherene Inc. (Switzerland,
https://spherene.ch). This algorithm is based on creating
Adaptive Density Minimal Surfaces (ADMS) for porous met-
amaterials, serving as a strategy for filling space with material
that has self-supporting structural properties during printing
[8, 9]. Metamaterials are artificial materials with unusual
physical properties not found in natural materials [10]. This
algorithm for digital metamaterial design was only recently
patented and had not yet been applied in the foundry industry
[11]. The research aimed to analyze and test this algorithm in
the digital design process of porous metamaterials to minimize
mass and control the properties of 3D-printed casting patterns
for the Lost Foam Casting (LFC) process. The initial steps of
this research are described in previous studies [12]. This algo-
rithm represents a variation of implementing the theory of
three-dimensional minimal surfaces (MS) into existing 3D
modeling software. The methodology included a combination
of theoretical analysis, digital modeling, and experimental 3D
printing. The study began by reviewing the theoretical aspects
of three-dimensional minimal surfaces (MS), particularly new
ones based on "spherenes” from Spherene Inc., which formed
the basis for the digital design.

For modeling porous structures, we used the spheren-
eRHINO software environment, a beta version of the Rhinoc-
eros-based program that applies the ADMS concept. During
digital design, key parameters such as structure density (from
2% to 22%, with a default of 5.6%), wall thickness, and pore
geometry were controlled. This allowed us to design light-
weight patterns with translational porosity — defined as a
structural property ensuring a continuous network of intercon-
nected void spaces — and without enclosed cavities. This ar-
chitecture is crucial for the casting process to facilitate the ef-
ficient evacuation of gaseous products during the thermal de-
composition of the polymer pattern.

Experimental polymer patterns were designed, and their in-
dividual skeletal parts were printed to verify the feasibility of
printing porous patterns. For this, the Fused Deposition Mod-
eling (FDM) 3D printing method was employed, and polylac-
tide (PLA) was chosen as the primary printing material. PLA
was selected for its high dimensional stability, which is essen-
tial for preserving the complex geometry of metamaterials,
and its predictable thermal decomposition characteristics. In
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the current research, PLA-based 3D printing provides a more
precise and technologically accessible alternative to tradi-
tional expanded polystyrene (EPS) patterns, especially when
creating intricate skeletal structures with an open porous net-
work. The experimental part of the study, including 3D print-
ing of test pattern structures, was conducted at the Physical-
Technological Institute of Metals and Alloys (PTIMA) of the
National Academy of Sciences of Ukraine. The general se-
quence of operations for LFC with 3D-printed patterns in-
volves creating a digital model, 3D printing the polymer pat-
tern, attaching the gating and feeding system pattern to it,
coating, molding, and finally, metal casting. The production
of metal castings becomes possible within no more than a
week from receiving the digital drawing, and it does not re-
quire the manufacturing of molds for pattern production,
which shortens the lead time for foundry production and in-
creases its flexibility.

4. Results and Discussion

Currently, Triply Periodic Minimal Surfaces (TPMS), such
as the gyroid [13], have become common design elements for
3D-printed structures. The mathematical properties of mini-
mal surfaces (MS) remain an active research area due to their
fundamental significance in geometry, topology, physics, and
engineering. In engineering, MS are used to optimize struc-
tures like domes, bridges, and architectural membranes. They
also significantly impact computer graphics, material model-
ing, and design, enabling the creation of efficient and aestheti-
cally pleasing forms with minimal resources. TPMS [13, 14]
are characterized by the "infinite" repetition of an elementary
unit cell. The analytical nature of MS, where each point is de-
fined in space by an analytical function, simplifies 3D model-
ing, the manufacturability of physical products, and quality
control using modern equipment with appropriate software.
These algorithms are now widely applied in various fields, in-
cluding materials science, architecture, and biology.

Spherene Inc. has developed a new metamaterial geometry
(in contrast to TPMS), based on a different class of geometric
forms that minimize material bulk density through MS. This
new geometry draws inspiration from coral-like natural struc-
tures [15]. To achieve this, the company utilized spheres, or
more precisely, inverse spheres, which they termed spherenes
[8-10]. The term "inverse spheres" relates to the application of
inverse design in the computational modeling of these struc-
tures. Unlike traditional forward design, which relies on a pre-
defined drawing geometry, inverse design is a purposeful
computational search for an optimal shape. This is achieved
through iterative calculations of digital models, where geo-
metric parameters of the surfaces are repeatedly refined, step
by step, approaching target indicators such as material mini-
mization and uniform stress distribution. By modeling mini-
mal energy states of materials using MS theory, the created
spherene structures ensure efficient material use and opti-
mized mechanical properties. Examples of such modeling are
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shown in Figure 1.

Source: Hendrixson (2024)

Figure 1. Models with "volcano" (a) and "spiderweb" (b) type surfaces.

Bionic structures with morphology similar to coral tissue
have previously been subjects of research and 3D printing
modeling [15]. This is because corals evolved in a competitive,
resource-limited environment as optimized and among the
world's most productive ecosystems in terms of mechanical
and other properties. Spherene Inc. created a digital method
for designing structures close to natural ones and released a
beta version of the sphereneRHINO program online. This pro-
gram, built on the popular Rhinoceros 3D modeling software,
enables the creation of porous, lightweight structures called
spherenes [8-10]. Our research (continuing the work [12]) in-
volved applying this construction methodology for printing
casting patterns to replace traditional EPS patterns in LFC.
The key challenge addressed was how to design printed pat-
terns from such a low-mass, sufficiently strong material that
would require minimal energy for evaporation during LFC,
exhibit low gas evolution, and possess sufficient environmen-
tal safety inherent in biodegradable polymers (biopolymers).

Let's examine the sequence of operations for 3D modeling
structures in the sphereneRHINO program [9]. First, the de-
signer defines an enclosure (envelope) within which the
spherene structure will be generated. They then set parameters
such as structure density, wall thickness, and surface tilt. The
designer chooses the geometric configuration with the com-
plexity level suited to the design needs and controls how the
spheres interact with other surfaces, "growing" from them, or
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forming partial or closed shells. In this program, the density
of the porous material serves as a synonym for its bulk density.
It is specified as a percentage of the structure's volume within
the outer envelope, using numerical values from a camera's
aperture scale for convenient memorization and adjustment.

The sphereneRHINO program creates spherenes (as a new
class of MS) based on Adaptive Density Minimal Surface
(ADMS) geometry. Material with such pore geometry can be
regulated in terms of both density and wall thickness at differ-
ent locations, while maintaining a zero mean surface curvature
(an MS property). This design also avoids enclosed cavities,
which is crucial for printing in liquid or granular media using
SLA and SLS methods with fluid residue removal, as well as
for ventilating casting patterns. Furthermore, it allows adapta-
tion to surrounding geometry and enables modeling for 3D
printing products virtually without supports (self-supporting).
The low mass and high stiffness of such a metamaterial will
reduce energy consumption and the carbon footprint associ-
ated with it [8, 9].

Modeling in the specified program is available with density
adjustments in the range of 2 to 22. For instance, Figure 1 pre-
sents examples of modeled structures with a density of 5.6 and
surfaces named "volcano" (a) and "spiderweb" (b). During the
3D modeling of an object within defined geometric configu-
rations (envelopes), one selects, for example, the parameters
indicated in the captions in Figure 2 [9].
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Figure 2. Parameters chosen by the designer during modeling: a — scheme of joining with a smooth flat surface (envelope); b — modeling with

a curvilinear surface.

When designing a porous pattern, if the wall thickness
within a certain "field" isn't specified by the designer, the Den-
sity Reference Thickness (DRT) of the pore shells is uni-
formly determined for all walls based on the product's density.
By default, the program sets the density at 5.6. If the density
is given as a single value at any point, then the entire printed
product's density percentage corresponds to that value. The

lower the DRT value, the more complex the porous surface's
geometry becomes, according to the program, and the longer
its computation time. Different density values specified at par-
ticular points are interpolated by the program in the space be-
tween these points (Figure 3) [9]. Additionally, the designer
can specify varying wall thicknesses at chosen points (Figure

4) [9].

Source: SphereneRHINO (2023)
Figure 3. Modeling a structure with varying densities (2.8 - 5.6 - 11) at three points.
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Source: SphereneRHINO (2023)
Figure 4. Structure with varying wall thickness (0.40 - 1.00 - 6 - 0.40) at four points.
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The program allows adding a cavity of a specified radius at a given point (Figure 5) [9]. Figure 6 also shows a structure with
varying wall thickness and surface offset.

Source: SphereneRHINO (2023)

Figure 5. Models with added cavities at specified points with given radius and cylinder placement.

Source: SphereneRHINO (2023)

Figure 6. Model structure with varying wall thickness and surface offset.

Examples of 3D printed models are shown in Figure 7 [9, Lab" printer using a 0.6 mm nozzle and a layer thickness of
16], where models (a-c) were produced using SLA/SLS meth- 0.12 mm, without supports or infill, and with a solid edge
ods with layer-by-layer solidification of liquid or powdered height of 15 mm at the bottom (from the official company
resin. And Figure 7, d shows an ornament with a PLA plastic ~ websitehttps://spherene.ch).
pattern printed via the FDM extrusion method on a "Bambu

Source: Mueller (2024); https://spherene.ch (2023)

Figure 7. Polymer models with spherene-like structures: a - porous cross-piece; b - porous cuboid; ¢ - rabbit model with a smooth surface
(cross-section); d - printing an ornament.

Furthermore, a "hook™ model with a porous internal struc-  study [12] (Figure 8a, shown without the back wall to display
ture was designed using the sphereneRHINO program in the  the pores). They also printed experimental spherene thin-
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walled structures from PLA filament using the FDM method
on a "Bambu Lab Al mini BLO007U" desktop printer (Figure

8b) to investigate their suitability for filling casting pattern
wall.
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Source: photo by the authors

Figure 8. Examples of hook model design (a) and porous structure printing (b).

3D printing with polylactide (PLA) is the most inexpensive
and popular FDM (Fused Deposition Modeling) method for
manufacturing patterns on 3D printers, as performed at the
PTIMA of the National Academy of Sciences of Ukraine [17,
18]. PLA is a biodegradable thermoplastic polyester derived
from lactic acid. It's used for 3D printing and in bioplastic pro-
duction, is a relatively inexpensive material, prints easily, and
possesses sufficiently high mechanical properties for casting
patterns. PLA has a density of 1240 kg/m=and a boiling point
of 227<C. For comparison, traditional EPS (expanded polysty-
rene) material for LFC patterns, made from polystyrene with
the chemical formula (CsHs)n, has a density of 1050 kg/m3and
a boiling point in the range of 240-270<C, depending on its
molecular weight and other factors. Above 239<C, it transi-
tions into a viscous liquid state, and at 300<C, irreversible de-
polymerization of polystyrene begins [19].

The properties of PLA and polystyrene are quite similar;
however, unlike EPS with its closed-cell porous structure, it is
advisable to print patterns with an open-cell porous structure
using PLA. This allows for creating a gas-permeable pattern
body (from bottom to top) by installing a tubular riser at the
top. Through this riser, the pattern's core is connected to the
vacuum in the sand mold's pores (into which the pattern is
molded and which is traditionally vacuumed during LFC), and
gases are evacuated during pattern gasification. This also en-
ables the effect of metal casting by vacuum suction [6, 20]. A
method has also been developed for venting gases from the
pattern through tubular vent channels, out of the sand mold's
top surface [21].

In addition to investigating spherene structures, the PTIMA
of the National Academy of Sciences of Ukraine also per-
formed PLA printing (Figure 9) of an intricate mesh structure
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(left) and a printed ping-pong ball (right) weighing up to 4g.
The thin printing of cellular frameworks with "branch” thick-
nesses up to 1 mm demonstrates the potential for filling LFC
pattern walls with such frameworks. For printing the struc-
tures (Figures 8b and 9) with PLA, inexpensive desktop ex-
trusion printers, often referred to as “school” printers, were
used, highlighting the accessibility and cost-effectiveness of
printing LFC patterns.

Source: photo by the authors

Figure 9. Lightweight skeletal structures printed from PLA.

At recent industrial exhibitions in Ukraine, domestic com-
panies also showcased examples of 3D printing skeletal mesh
structures with wall thicknesses down to 0.2 mm using FDM
(extrusion) desktop and industrial printers. Notably, the com-
pany Makerly (https://makerly.eu) prints similar structures
(Figure 10) on HP Jet Fusion 5210 lines using the Multi Jet
Fusion method, which involves solidifying polymer powder
with infrared light (Figure 10).
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Source: photo by the authors

Figure 10. Skeletal polymer structures printed using the Multi Jet Fusion method.

Overall, the operations for 3D printing porous polymer pat-
terns and manufacturing metal products via the Lost Foam
Casting (LFC) method have the following sequence and ap-
proximate durations. After receiving the digital drawing file,
the foundry engineer creates a digital model within one work-
ing day using software tools. This model then serves as the
basis for 3D printing the polymer casting pattern. A model of
the gating and feeding system is added to this pattern, which
is then coated and sent for molding, a process that takes up to
two days. Within another day, a sand mold is produced using
the LFC method and filled with molten metal. Thus, small and
medium castings can be obtained within 4-5 days from the
moment the drawing file is received. This methodology allows
for the design and printing of porous casting patterns compat-
ible with existing LFC processes, without altering molding
and casting equipment or tooling. Replacing EPS patterns, tra-
ditionally manufactured in metal molds (including the design
and production of molds and then patterns from them), with
3D-printed patterns significantly reduces the production time
for casting patterns.

5. Conclusions

The modeling and 3D printing method using the spheren-
eRHINO program is promising for producing casting patterns
with open pores, unlike traditional EPS with closed pores.
This process begins with the designer creating a model in
CAD, which then serves as a computational envelope within
which spherical geometric porous structures are generated us-
ing the MS method. Subsequently, 3D printers can automati-
cally print such patterns for LFC, even in a 24/7 mode. This
method allows for adjusting the density, wall thickness, and
geometry of the printed pores, which can be constrained (or
unconstrained) by the smooth surface of the pattern's body.
This is crucial for local or variable strength regulation, reduc-
ing the weight of printed casting patterns, and creating trans-
lational porosity (vent channels). These channels enable di-
rected gas removal (bottom-up) during the gasification of pat-
terns by molten metal poured into the sand mold.

While it is currently challenging for 3D printing to compete
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with EPS patterns in terms of lightness, printing gas-permea-
ble patterns offers another significant advantage. It allows
vacuum to be applied from the casting mold, via a riser tube,
to the porous core of the pattern. During the pouring of metal
into the mold, gases - the products of pattern gasification - can
be evacuated. Creating vacuum access to the pattern's porous
structure will enable gases to be expelled through the upper
tubular riser into the vacuumed sand of the mold. Maintaining
a controlled vacuum in the pattern’'s porous body will prevent
excessive gas pressure and will also influence the metal,
which fills the mold and replaces the pattern, creating a vac-
uum suction casting effect. In this context, the casting pattern
is designed by the engineer on the computer based on the prin-
ciple: "the more gases from pattern gasification, the more
means should be designed to remove them from the working
cavity of the casting mold."

Thus, the discussed application of printed metamaterial for
LFC provides the pattern with lightness, translational porosity,
and a significant reduction in the design and production time
of cast metal products. This is a prerequisite for implementing
the concept of selling not only a product but also services. The
latter contributes to enterprises’ adaptability to market changes
and the realization of the "on-demand" manufacturing method,
as a result of digital transformation. AM becomes a key tool
of this transformation as an element of digitalization in
foundry production, utilizing high-precision printed patterns
with minimized time and resource consumption. While this
study focuses on the digital design and validation of the cast-
ing process, further research is currently underway at our in-
stitute to provide comprehensive quantitative data on the me-
chanical performance and density-to-strength ratios of these
printed structures.
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