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“The important thing is not to stop questioning.
Curiosity has its own reason for existence.”

Albert Einstein
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Abstract

The threatening, cross-cutting climate change and the problematic lack of resources have become increasingly
evident over the last few years. To counter this challenging situation, engineers and scientists worldwide
are struggling to bring more efficient and environmentally friendly alternatives, especially to industrial
activities responsible for significant contamination levels, such as the automotive, aeronautic, aerospace, and
maritime transportation sectors. Hence, improvements in these and other fields of the present and the future
of engineering involve optimizing structures, thus achieving components with the desired performance
while making more efficient and sustainable use of raw materials. For this purpose, hybrid configurations
such as sandwich structures are highly competitive solutions that the industry has already adopted and
consolidated during the last decades. In this sense, choosing the appropriate arrangement is critical for
achieving the desired performance of a sandwich panel. In particular, the core’s material and morphology
play a fundamental role in the behavior of the structure since, apart from increasing its inertia by separating
the two skins, it is responsible for supporting most of the shear stresses while decreasing the density of the
whole panel. Consequently, its selection becomes a strategic decision.

The irruption of Additive Manufacturing (AM) technologies that occurred during the last years has
revolutionized many industrial sectors, directly impacting manufacturing processes and components
design. Taking advantage of its infinite advantages for fabricating high-complexity geometries compared
to traditional manufacturing processes, this doctoral thesis aims to contribute to the design of more
efficient hybrid sandwich structures using lightweight cellular cores manufactured by Fused Filament
Fabrication (FFF).

To do so, this research has been developed by addressing three levels of study, in order to analyze the
performance of the material, the cellular design, and the consolidated hybrid sandwich structure. The
results presented in the different scientific contributions derived from this work have been validated
analytically, numerically, and experimentally, and show the potential of the two- and three-dimensional
patterns considered for the fabrication of fully functional sandwich structures, making better use of the
materials. Furthermore, the numerical models and analytical equations provided, as well as the released
open-source software for generating cellular designs, will be of help for conducting new studies in the field
of structural efficiency optimization.

Finally, this thesis has shed light on some areas for improvement in the FFF technology, such as the presence
of intra- and inter-layer filament joint inaccuracies in the manufacturing of thin-walled two-dimensional
cellular designs and the current limitations in reducing the minimum thickness of those walls. However,
with ongoing advancements and breakthroughs in the field, these drawbacks will soon be addressed, leading
to even more impressive outcomes in the near future.
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Resum

El canvi climàtic amenaçador i la problemàtica manca de recursos s’han fet cada vegada més evidents en els
darrers anys. Per a contrarestar aquest desafiament, enginyers i científics de tot el món lluiten per a aportar
alternatives més eficients i respectuoses amb el medi ambient, especialment en les activitats industrials
responsables de nivells significatius de contaminació, com els sectors del transport automobilístic,
aeronàutic, aeroespacial i marítim. Millores en aquests i altres camps del present i del futur de l’enginyeria
impliquen optimitzar les estructures per tal d’aconseguir components amb el rendiment desitjat, mentre
es fa un ús més eficient i sostenible de les matèries primeres. Per aquest propòsit, les configuracions
híbrides, com les estructures tipus sandvitx, són solucions altament competitives que la indústria ja ha
adoptat i consolidat durant les darreres dècades. En aquest sentit, l’elecció de la configuració adequada és
crucial per a assolir el rendiment desitjat d’un panell sandvitx. En particular, el material i la morfologia
del nucli juguen un paper fonamental en el comportament de l’estructura. Per tant, la seva selecció esdevé
una decisió estratègica.

La irrupció de les tecnologies de Fabricació Additiva (AM) que ha tingut lloc durant els darrers anys ha
revolucionat molts sectors industrials, impactant directament en els processos de fabricació i el disseny
de components. Aprofitant els seus infinits avantatges per a fabricar geometries de gran complexitat en
comparació amb els processos de fabricació tradicionals, aquesta tesi doctoral té com a objectiu contribuir
al disseny d’estructures híbrides tipus sandvitx més eficients, utilitzant nuclis cel·lulars lleugers construïts
per Fabricació per Filament Fos (FFF).

Per a fer-ho, aquesta investigació s’ha desenvolupat abordant tres nivells d’estudi per a analitzar el
rendiment del material, el disseny cel·lular i l’estructura híbrida de sandvitx consolidada. Els resultats
presentats en les diferents contribucions científiques derivades d’aquest treball s’han validat analíticament,
numèricament i experimentalment, i mostren el potencial dels patrons bidimensionals i tridimensionals
considerats per a la fabricació d’estructures de sandvitx totalment funcionals, fent un millor ús dels
materials. A més, els models numèrics i les equacions analítiques proporcionades, així com el programari
lliure publicat per a la generació de dissenys cel·lulars, seran d’utilitat per a la realització de nous estudis
en el camp de l’optimització de l’eficiència estructural.

Finalment, aquesta tesi ha posat de manifest algunes àrees d’evolució en la tecnologia FFF, com ara la
presència d’imprecisions en les juntes de filament intra-capa i inter-capa en la fabricació de dissenys
cel·lulars bidimensionals de parets primes, i les limitacions actuals en la reducció del gruixmínim d’aquestes
parets. No obstant això, amb els progressos i els avenços en curs en el camp, aviat s’abordaran aquests
inconvenients, portant a resultats encara més impressionants en un futur pròxim.
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Resumen

El cambio climático amenazante y la problemática falta de recursos se han hecho cada vez más evidentes
en los últimos años. Con el fin de contrarrestar este desafío, ingenieros y científicos de todo el mundo están
luchando para ofrecer alternativas más eficientes y respetuosas con el medio ambiente, especialmente en
las actividades industriales responsables de niveles significativos de contaminación, como los sectores de
transporte autmovilístico, aeronáutico, aeroespacial y marítimo. Mejoras en estos y otros campos de la
ingeniería actual y futura implican optimizar las estructuras, logrando componentes con el rendimiento
deseado, mientras se hace un uso más eficiente y sostenible de las materias primas. Para este propósito,
las configuraciones híbridas como las estructuras sándwich son soluciones altamente competitivas que la
industria ya ha adoptado y consolidado durante las últimas décadas. En este sentido, la elección de la
configuración adecuada es crítica para lograr el rendimiento deseado de un panel sándwich. En particular,
el material y la morfología del núcleo desempeñan un papel fundamental en el comportamiento de la
estructura. Consecuentemente, su selección se convierte en una decisión estratégica.

La irrupción de las tecnologías de Fabricación Aditiva (AM) que ha tenido lugar durante los últimos años ha
revolucionado muchos sectores industriales, impactando directamente en los procesos de fabricación y el
diseño de componentes. Aprovechando sus infinitas ventajas para fabricar geometrías de alta complejidad
en comparación con los procesos de fabricación tradicionales, esta tesis doctoral tiene como objetivo
contribuir al diseño de estructuras híbridas sándwich más eficientes utilizando núcleos celulares ligeros
construidos por Fabricación por Filamento Fundido (FFF).

Para lograrlo, esta investigación se ha desarrollado abordando tres niveles de estudio con el fin de analizar el
rendimiento del material, el diseño celular y la estructura híbrida de sándwich consolidada. Los resultados
presentados en las diferentes contribuciones científicas derivadas de este trabajo se han validado analítica,
numérica y experimentalmente, y muestran el potencial de los patrones bidimensionales y tridimensionales
considerados para la fabricación de estructuras de sándwich completamente funcionales, haciendo un uso
más eficiente de los materiales. Además, los modelos numéricos y las ecuaciones analíticas proporcionadas,
así como el software de código abierto liberado para generar diseños celulares, serán de ayuda para realizar
nuevos estudios en el campo de la optimización de la eficiencia estructural.

Finalmente, esta tesis ha manifestado algunas áreas de mejora en la tecnología FFF, como la presencia de
imprecisiones en las uniones de filamentos intra-capa e inter-capa en la fabricación de diseños celulares
bidimensionales de paredes delgadas y las limitaciones actuales para reducir el espesor mínimo de esas
paredes. Sin embargo, con los avances y las innovaciones continuas en el campo, estas desventajas pronto
se abordarán, lo que conducirá a resultados aún más impresionantes en un futuro cercano.
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Comments on the author’s contribution to the publications

The author of this thesis is the first author of all presented publications. Nonetheless, given that they
have several authors, the specific contribution of the PhD candidate Albert Forés Garriga to each
publication is outlined below.

Publication I

He planned the DOE and fabricated the tensile, flexural, and shear American Society for Testing
and Materials (ASTM) standard specimens employing a full factorial design of the most relevant FFF
parameters according to the state of the art. He was also responsible for planning and executing
the corresponding experimental characterization, which included digital microscopy analysis and
mechanical testing, as well as post-processing the digital image correlation (DIC) recorded data.
Together with the other authors, he contributed to the interpretation and analysis of the results.
He wrote the preliminary version of the manuscript and participated in the submission and review
processes.

Publication II

He identified the most relevant two-dimensional cellular designs in line with the state of the art. He
contributed to the creation of the Computer-Aided Design (CAD) of the geometries and the adjustment
of the corresponding wall thickness to ensure the correct manufacturing of the samples employing
the FFF technology. In addition, he developed the mathematical expression to analytically determine
the relative density of each of the studied designs regarding their multiple dimensional variables. He
was also responsible for planning and executing the corresponding experimental characterization,
which included digital microscopy analysis and mechanical testing, as well as post-processing the
DIC recorded data. Furthermore, he coordinated the development and refinement of a robust finite
element (FE) numerical model capable of simulating the compression behavior of the two-dimensional
cellular designs using invariant boundary conditions. Together with the other authors, he contributed
to the interpretation and analysis of the results. He wrote the preliminary version of the manuscript
and participated in the submission and review processes.

Publication III

He identified the most relevant three-dimensional cellular designs in line with the state of the art. He led
the development and release of new free software for the creation of cellular structures. He contributed
to the creation of the CAD design of the geometries and the manufacturing of the samples employing
FFF technology. He supervised the removal of the support structures using a solvent developed by other
members of the research group. He was also responsible for planning and executing the corresponding
experimental characterization, which included digital microscopy analysis and mechanical testing,
as well as post-processing the DIC recorded data. In addition, he quantified the degree of isotropy
of the different cellular solids using a proposed novel index based on the graphical representation of
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their stiffness tensor. Furthermore, he coordinated the development and refinement of two robust FE
numerical models capable of simulating the compression behavior of the three-dimensional cellular
designs using invariant boundary conditions. Together with the other authors, he contributed to the
interpretation and analysis of the results. He wrote the preliminary version of the manuscript and
participated in the submission and review processes.

Publication IV (Preprint submitted)

He conducted a numerical study using FE simulations to investigate the effect of the cellular core design
(two- and three-dimensional morphologies) and density on the flexural stiffness of sandwich structures
with carbon fiber reinforced polymer (CFRP) skins. Based on the obtained results, he also fabricated
the most optimal core configurations using FFF, as well as cured the CFRP skins and consolidated
the sandwich structures, in order to validate the numerical results with experimental tests. Together
with the other authors, he contributed to the interpretation and analysis of the results. He wrote the
preliminary version of the manuscript and participated in the submission and review processes.

Coherence between the compendium of publications

The four presented publications are aligned with a well-defined research project that aims to contribute
to the development of new sandwich structures, leveraging the latest advancements in AM technologies
to reproduce bio-inspired cellular cores that are lightweight and with high structural potential. To
achieve this goal, this research has focused on determining the mechanical properties of the selected
material (Ultem), as well as analyzing the behavior of different two-dimensional and three-dimensional
cellular designs and their performance when they are used as functional cores in assembled sandwich
structures, combining analytical, numerical, and experimental approaches.

Publication I focuses on studying the elastoplastic behavior of Ultem commercial filament after being
processed by FFF, regarding the most relevant manufacturing parameters of this technology. For
this purpose, standardized samples of the material were characterized in tension, bending, and shear
stresses to determine the effect of the selected parameters on both the mechanical properties and the
weight of the fabricated components. The main outcome of this work was the determination of the
effective stiffness tensor of Ultem, which was required for addressing all the numerical approaches
developed in this research.

Publications II and III are focused on the mechanical behavior of a wide range of two-dimensional and
three-dimensional cellular designs fabricated with Ultem processed by FFF, respectively. On the one
hand, Publication II presents the equations that, parameterized with the dimensions of the studied
patterns, allow for the analytical calculation of the cellular structures’ densities and stiffnesses. On the
other hand, Publication III introduces a new andmore robust index to determine the degree of anisotropy
of cellular solids which can consider the inherent anisotropy of many current AM technologies as it
is based on the graphical representation of the homogenized stiffness tensor. Additionally, the first
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version of developed open-source software, called TPMSgen [1], was released for the parametric design
of three-dimensional cellular solids. Finally, the experimental linear behavior of the analyzed cellular
solids was validated in both cases with FE analyses. The provided results confirm that both the design
and density of the cellular solids are two versatile parameters to adapt the mechanical properties and
weight of the components to the final requirements.

Finally, Publication IV focuses on the implementation of two- and tri-dimensional cellular solids made
of Ultem processed by FFF as cores in sandwich structures with CFRP skins, in order to determine the
influence that both design and density have on the mechanical behavior of the composite panels. For
this purpose, a numerical study using a FE analysis model has been presented, in order to reproduce
the elastic behavior of a wide range of additively manufactured sandwich structures under bending
stresses by parameterizing the dimensions of the core and skins, as well as the mechanical properties
of the constituent materials. In addition, the configurations that obtained the optimal behavior for each
considered cellular pattern were manufactured and experimentally tested to validate the numerical
approach results. The outcomes of this investigation demonstrate the structural potential of the
considered designs and highlight certain limitations of the selected fabrication technology based on its
current level of maturity.
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1
Introduction

The opening chapter introduces the topic of this research and the motivation that encouraged the
development of the present doctoral thesis. It also outlines the main research hypothesis and objectives, and
briefly summarizes the structure of this dissertation to guide the reader throughout the whole document.
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1.1 Motivation

Over the last decade, CO2 emissions have become a major concern globally. The transport sector is
responsible for 23% of the global energy-related CO2 emissions, with road transport being the largest
contributor [2]. The growing number of vehicles, the increase in global trade, and air traffic have
led to a surge in CO2 emissions from transportation. Despite various initiatives aimed at reducing
emissions, such as the use of cleaner fuels, the adoption of electric vehicles, and the promotion of public
transportation, the transport sector continues to produce high levels of greenhouse gases. Addressing
this challenge requires continued efforts to develop sustainable and low-carbon transportation systems.

The weight of a vehicle directly influences the number of emissions it generates. Heavier vehicles
typically require more energy to accelerate and brake, which further contributes to fuel consumption
and the corresponding emissions to the atmosphere. Hence, manufacturers are increasingly exploring
new ways to reduce their weight, such as the use of lightweight materials and redesigning components,
to create lighter, more fuel-efficient vehicles.

In this regard, one of the most important advances in the last decades has been the implementation of
sandwich structures for the manufacture of various types of transportation, especially in the naval,
aeronautical, and aerospace sectors. These composite materials are composed of two outer layers of
stiff and strong materials with a lightweight core in between. This configuration seeks to achieve an
optimal arrangement of materials to obtain very efficient structures in terms of physical and mechanical
properties, making better use of the available resources. In particular, one of the most outstanding
aspects of sandwich structures is their exceptional strength-to-weight ratio. Hence, engineers can
significantly reduce the weight of vehicles while maintaining their structural integrity and safety.
Additionally, sandwich panels can offer excellent insulation properties that can reduce the energy
required to heat or cool the vehicle’s interior. Therefore, as the demand for sustainable transportation
options continues to grow, the use of sandwich panels is likely to become increasingly common in
the design and construction of vehicles, since they have the potential to create more fuel-efficient and
environmentally friendly means of transportation.

The above-mentioned advantages of these structures depend to a large extent on the characteristics
and properties of the core. So, its choice becomes a strategic decision. For many years, the feasibility
of developing new core designs has undoubtedly been constrained by the technical limitations of
traditional manufacturing methods such as confirmatory or subtractive. However, the rise of AM
technologies, capable of manufacturing fully functional end components, constitutes a turning point
in the feasibility of manufacturing new lightweight structures with almost no restrictions in terms
of geometric complexity. Therefore, these technologies have attracted enormous attention from the
scientific community and different industrial sectors, as it brings exceptional design flexibility, reduction
of waste material and shorter production times. For all these reasons, the use of AM technologies
is becoming increasingly popular, and will undoubtedly constitute one of the strategic pillars of the
global transformation toward Industry 4.0 in the next decade.
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In this regard, AM has enormous potential, and one of its most promising applications is the production
of cellular solids. These materials are composed of a porous cellular structure formed by interconnected
cells and voids. Until some years ago, cellular solids were only found in nature, such as in bones,
wood, and plant stems, but advanced techniques such as AM have made it possible to replicate them.
Furthermore, their physical and mechanical properties can be tailored by adjusting factors such
as the size and shape of the cells, the material used, and the density of the structure. As a result,
bioinspired cellular solids have been the focus of extensive research and development, intending to
create more efficient and versatile materials for various applications, including aerospace, automotive,
and biomedical industries.

Therefore, the implementation of additively manufactured cellular solids as cores in hybrid sandwich
structures could lead to breakthroughs in the design and fabrication of very lightweight components
to improve vehicle efficiency and reduce CO2 emissions from the transportation sector. However,
although several investigations have focused on analyzing the isolated behavior of novel cellular
designs, their functionality in sandwich structures has hardly been considered. Thus, the motivation
for the development of the present doctoral thesis arises from exploring in full depth the possibility of
integrating core biomimetic core designs on sandwich panels to conform functional lightweight parts.

1.2 Hypothesis and research objectives

After analyzing the context that inspired this research, a set of initial hypothetical statements were
formed, which are summarized in the following lines:

• Reducing the weight of transportation vehicles is a highly effective method for enhancing their
efficiency, which leads to lower fuel consumption and a decrease in the amount of CO2 emissions
released into the atmosphere. Utilizing lightweight materials and cutting-edge structures makes
it possible to face this challenge with guarantees.

• High-performance composite materials have demonstrated their effectiveness in reducing weight,
but their high manufacturing costs limit their applicability. To overcome this challenge, the
industry has embraced sandwich-structured compounds as a highly competitive solution. This
optimized configuration can provide numerous additional advantages bringing added value to
the structural solution.

• The selection of the core type in a sandwich structure is an important choice as it significantly
impacts its structural behavior. Bioinspired cellular cores offer promising qualities for a variety of
applications, such as their enhanced mechanical performance and lightweight capacity. However,
the performance of these cores can vary depending on the cell geometry and density. Furthermore,
the manufacturing of non-conventional geometries poses a technical challenge that must be
addressed.
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• Advances in AM have made it possible to replicate natural cellular patterns, which have evolved
over thousands of years to provide optimal structural efficiency, at a macroscopic scale. Among
the various AM technologies, FFF offers a unique opportunity for developing cellular cores for
sandwich structures at a low cost, enabling new degrees of freedom in the geometric design of
cells that have yet to be explored.

• It is widely recognized that the mechanical properties of the core significantly affect the
performance of the whole sandwich structure. Additionally, given the inherent anisotropy
resulting from the additive fabrication process, it is essential to consider the impact of FFF
printing parameters on the mechanical behavior of cellular designs.

• Accurate numerical simulation models experimentally verified and validated can serve as a
powerful tool for analyzing and optimizing new designs based on this structural solution, further
customizing it for a wide range of engineering applications, which is expected to benefit the
industry greatly.

Based on the initial hypotheses, the purpose of this thesis is to contribute to the development of
sandwich structures consisting of CFRP skins and advanced bioinspired cores fabricated with FFF
technology. Therefore, the objective is to investigate the feasibility of using cellular designs as core
materials in sandwich panels to achieve high-performance hybrid structures. The focus is on examining
the structural performance of these designs based on their geometry, density, and cell arrangement.
Hence, this research aims to demonstrate the potential of AM technologies, specifically FFF, for
creating sandwich panel cores that can provide new opportunities for creating lightweight structures
and components in combination with advanced composite materials.

To this end, an analytical, experimental, and numerical approach will be used in this research. The
experimental component will include a comprehensive analysis at three levels of operation: the FFF
processed material, the cellular core designs, and the hybrid sandwich structures. On the other hand,
the numerical approach will provide a mechanical analysis and optimization methodology to create
new designs based on the proposed structural solution.

The ultimate objective is to develop a cost-effective and competitive structure that could provide
substantial environmental benefits. The outcomes of this research will allow facing the challenge of
reducing the weight of structural components with guarantees, thus arousing interest in its potential
applicability in different industrial sectors.

The accomplishment of the above-stated goal relies on the attainment of various specific objectives,
which can be summarized as follows:

1. Examine how the mechanical behavior and anisotropy of components produced by FFF are
impacted by the primary printing parameters that influence the material deposition paths of
this AM technology.
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2. Design cellular cores employing two- and three-dimensional patterns, considering their manu-
facturing feasibility through FFF technology, and investigate how the mechanical behavior is
affected by the geometry, density, and arrangement of the cells.

3. Develop a numerical model to simulate the compression and flexural behavior of the isolated
cellular designs, as well as the bending performance of hybrid sandwich structures combining
cellular cores with CFRP skins.

4. Manufacture sandwich structures consisting of two- and three-dimensional cellular cores
produced using the FFF technology, along with CFRP skins, to experimentally characterize
their mechanical behavior and validate the developed numerical model.

1.3 Thesis outline

This text is the culmination of five years of research focused on the development of hybrid sandwich
structures exploiting the potential of the latest developments in AM technologies to fabricate
lightweight and functional bio-inspired cores. The document consists of six chapters, which are
structured as follows.

Chapter 1 encompasses the motivation, the hypothesis and research objectives, and the organization
of the present thesis.

The state of the art is covered in Chapter 2, which is organized into four subsections. In the first one,
the potential of sandwich structures for many of the most powerful engineering sectors is highlighted,
as well as the materials that are most commonly used for their fabrication. The second section focuses
on the design and fabrication through different AM technologies of bio-inspired cellular solids that
draw inspiration from natural structures aiming to enhance material properties. Thirdly, the operating
principle of the FFF technique is described, focusing on relevant aspects such as the anisotropy and
mechanical properties of the manufactured parts to be able to approach the development of the
proposed solution with guarantees. Finally, a recapitulation section outlines the essential points
derived from the state of the art, which are crucial for comprehending and supporting the hypothesis
and scope of this thesis.

Chapter 3 presents the methodology employed for the development of this research. In particular,
the analytical, numerical and experimental procedures that were implemented to assess the studies of
the FFF processed material, the two- and three-dimensional cellular cores, and the hybrid sandwich
structures are detailed.

The main results of this research are highlighted and discussed in Chapter 4 of this document.

Chapter 5 synthesizes in the form of conclusions the knowledge acquired with the development of the
previous chapters in order to give concise answers to the hypotheses formulated at the beginning of this
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research. This chapter also encompasses the principal scientific contributions and recommendations
for future work to be conducted in line with the presented investigation.

To conclude, Chapter 6 is a compilation of the four research papers published as part of this thesis in
peer-reviewed scientific journals.
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2
Literature review

This chapter contains an in-depth review of various topics relevant to hybrid structures, focusing on
the design and performance analysis of sandwich structures. Aspects regarding faces and core material
selection are addressed. In addition, the most relevant works in the field of cellular cores manufactured by
AM technologies are presented. Finally, the FFF technology and the Ultem™ 9085 material used in this
research are discussed in more detail.
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2.1 Hybrid materials and design strategies

Hybrid materials are combinations of two or more materials assembled in such a way as to have
attributes not offered by either one alone [3]. Thus, these compounds seek to incorporate the properties
of different monolithic materials smartly in order to achieve the desired characteristics (i.e. physical,
chemical, mechanical, electrical. . . ).

In this sense, one of the most widely implemented strategies for the design of new hybrid materials
with specific property profiles is based on the following four pillars:

1. Components: The choice of materials to be combined.

2. Configuration: The shape and connectivity of the components.

3. Relative volumes: The volume fraction of each component.

4. Scale: The length scale of the structural unit.

Particulate and fibrous composites are the main examples of hybrid materials. However, there are
many others, such as sandwich structures, cellular structures, and more, which are all summarized in
Figure 2.1.

Figure 2.1: Examples of hybrid materials (center) and principal types of monolithic material employed for their
consolidation (corners). Adapted from [3].
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2.1.1 Composites

Composites combine two solid components, one (the reinforcement) as fibers or particles, contained
in the other (the matrix) [3]. Theoretically, any two materials can be merged in order to obtain a
composite. To do so, the mixture can be consolidated in different geometries and arrangements that
determine whether the typology of the composite structure is unidirectional fibrous, laminated fiber,
chopped fiber, or particulate (see Figure 2.2).

Figure 2.2: Schematic of hybrid materials of the composite type. Adapted from [3].

2.1.2 Sandwich structures

Sandwiches typically consist of two outer faces made of onematerial, which are bonded to a low-density
material core of a different type that separates them. A sandwich works similarly to an I-beam, which
is an efficient structural shape because as much as possible of the material is placed in the flanges
situated farthest from the center of bending or neutral axis [4]. Hence, this arrangement (see Figure 2.3)
efficiently increases the inertia of the panels and their section modulus at a very low weight cost, thus
resulting in a flexural stiffness per unit weight that surpasses what either individual component could
offer on its own, producing an excellent structure for resisting bending and buckling loads.

Figure 2.3: Schematic of a sandwich structure arrangement. Adapted from [3].

The faces bear the majority of the load and therefore need to be rigid and durable. Additionally, since
they are the outer layer of the sandwich panel, the material employed for fabricating the faces must
also be able to withstand the environmental conditions in which the panel will work. Meanwhile, the
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core takes most of the volume of the whole sandwich structure. It needs to be lightweight and rigid,
but also strong enough to support the shear stresses necessary to guarantee the functionality of the
panel as a load-bearing unit.

Thanks to their outstanding properties, sandwich panels are widely used in various engineering
fields. They are employed in walls, roofs, and floors to provide structural support and insulation in
building constructions [5]. Furthermore, sandwich panels offer excellent solutions in the transportation
industry for fabricating aircraft floors, walls, and ceilings, in order to reduce weight and improve fuel
efficiency [6]. Moreover, they are also used in the marine industry for hulls and decks [7].

Interestingly, sandwich panels do exist in nature as well. Bones, for example, have a sandwich-like
structure, with a core made of trabecular bone and two outer layers of compact bone. This structure
provides bones with strength and flexibility, making them ideal for supporting and protecting the
body [8]. In addition, sections through the wing of birds, and the stalk and leaves of many plants show
a low-density foam-like core separating solid faces [9].

2.1.3 Cellular structures

Cellular structures are systems made up of interconnected pores or bars that form a unique structure
with distinctive mechanical properties. The cells within the structure can be regular or irregular in
shape, and their design and size can be adapted to meet the requisites of the desired application. The
unique arrangement of cells provides a range of advantages such as a high strength-to-weight ratio,
excellent energy absorption, and sound insulation properties. Moreover, the gas occupying the spaces
of the porous structure can play a fundamental role in controlling properties such as thermal and
electrical conductivity, as well as the mechanical compressibility of the cellular structure [3].

Foams are one of the most common types of cellular structures. They are made by expanding polymers,
metals, ceramics, or glasses with a foaming agent or any other way of introducing a gas [10–12]. As a
result, a porous structure is obtained, formed by solid cell walls or edges that confine the gas in the
different hollow spaces that have been formed. Accordingly, the morphology of foams tends to be
bending-dominated (see Figure 2.4), as the walls fold when they are loaded, thus compromising the
stiffness of the whole structure.

During the 20th century, several advances in materials science together with the development of new
manufacturing processes made it possible to reproduce some basic two-dimensional designs present in
nature, such as hexagonal panels [4]. Despite they are also porous cellular structures, the morphology
of these extruded-like patterns exhibits a high rigidity in one direction, especially under buckling
stresses, offering a much more stretch-dominated performance. Thus, the development of lightweight
honeycombs made of advanced technical materials such as Nomex® or aluminum represented a
paradigm shift for the fabrication of functional hybrid sandwich structures [13].
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Figure 2.4: Deformation diagram of a bending-dominated cellular structure. Adapted from [3].

Figure 2.5: Schematic process for obtaining stretch-dominated designs. Adapted from [3].

Classical manufacturing processes such as casting, molding, and milling have limited the possibilities of
fabricating other stretch-dominated patterns with highly complex geometries to explore the structural
capabilities of cellular solids for a long time. However, the recent developments in the AM field have
spread the horizons for fabricating endless cellular structures [14, 15]. In particular, the layer-by-layer
fabrication process that characterizes these technologies allows for the creation of unique cellular solids
with intricate shapes that were once impossible to produce using classical manufacturing processes.
Consequently, they have opened up new opportunities in various industries, including aerospace,
automotive, and medical, where mass optimization is often required [16].

Furthermore, AM has not only enabled the fabrication of improved two-dimensional designs with very
interesting auxetic properties to withstand impact stresses [17] but also the direct production of entirely
new three-dimensional arrangements, such as lattice and Triply Periodic Minimal Surface (TPMS)
cellular solids. On the one hand, lattice structures are composed of a repeated pattern of interconnected
beams, struts or bars, that form a stable three-dimensional (3D) framework reminiscent of trusses at
both the micro and macro levels. On the other hand, TPMS structures, which were first described in
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the mid-19th century by Joseph Plateau and further investigated in 1987 by Alan Schoen [18], offer a
constant curvature that seeks to minimize the surface area of the structure employing mathematical
expressions while maintaining its enclosure volume. Overall, AM technologies have made more
accessible the possibilities to create structures that possess unique properties such as high porosity,
tunable mechanical properties, and excellent heat and mass transfer capabilities, making them ideal
for use in various applications [19–21].

2.1.4 The equivalent properties approach for hybridization

A material property chart, also known as a materials selection chart, is a visual tool to aid in the
choice of materials for a particular application based on the desired properties (see Figure 2.6). By
plotting multiple materials on the same chart, engineers and designers can quickly compare and
contrast the strengths and weaknesses of different materials and identify the best candidate for their
specific needs. The chart typically plots two or more material properties (i.e. physical, mechanical,
price, environmental) against each other. Therefore, material property charts can be used to identify

HOLE

Figure 2.6: Material property chart that depicts holes in Young’s modulus-density space. Adapted from [3].
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trade-offs between different material properties. For example, a material with high strength may be
more brittle and prone to fracture, while a material with high toughness may be less stiff.

Overall, any material property chart shows some parts that are populated with materials while others
are not. The holes that appear belong to points that are inaccessible for fundamental reasons that
relate to the size of atoms and the nature of the forces that bind them together. However, other parts
are empty even though, in principle, they could be filled. The hybridization process (development of
combinations of materials) can, in some cases, lead to the production of materials that lie exactly in
these holes. Thus, the development of new hybrid structures in the direction of the vector for material
development will enable lighter, stiffer structures to be made. For this purpose, it becomes very useful
to evaluate the properties of the resulting hybrid structures as a whole material.

Furthermore, this approach offers several benefits over picking each constituent separately. Firstly,
focusing on a macroscopic perspective of the hybrid structure allows for a more accurate prediction of
the overall mechanical behavior of the structure under different loading conditions. Even though the
literature contains many studies for comprehending how a particular architecture behaves [22–24],
the precise calculation of its properties can be a demanding issue since the characteristics of each
constituentmaterial interact with each other in complexways. Secondly, treating the hybrid structure as
a homogeneousmaterial with its own set of mechanical, thermal, electrical, and other properties enables
the optimization of each constituent material to develop advanced materials with tailored properties
for a specific application. This can favor obtaining hybrid structures with improved mechanical and
physical properties, such as increased strength, stiffness, and toughness, as well as reduced weight
and cost. Thirdly, this design approach makes it possible to identify potential failure mechanisms and
improve the overall reliability and safety of the whole structure.

In addition, the determination of the effective properties of the hybrid structure will favor the
comparison of its performance with the rest of existing monolithic materials more simply and fairly.
In this sense, although other cases are possible, one of the following scenarios will be fulfilled in the
hybridization process (see Figure 2.7) according to the type of hybrid to be designed, the employed
combination of materials, and the inspected properties [3]:

• "The best of both" scenario: the optimal case in which the best properties of both materials
are desired.

• "The rule of mixtures" scenario: the most commonly achievable result is often the arithmetic
mean of the characteristics of the components, which are adjusted by the fraction of each
component’s volume.

• "The weaker link dominates" scenario: in some cases, a lesser compromise must be accepted
and the hybrid properties tend to be lower than what is predicted by the rule of mixtures
arithmetic mean and closer to a harmonic mean.

• "The last of both" or weakest-link scenario: sometimes it is not the greatest but the least of
the properties that are desired.
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Figure 2.7: The possibilities of hybridization. Adapted from [3].

2.2 Sandwich panels design for structural applications

As previously introduced, sandwich structures consist of up to three or more constituents: the faces,
the core, and the adhesive joints. In 1969, Allen [25] established the principles of sandwich design.
Typically, the faces can be made of different materials depending on what is needed for the structure
or the manufacturing process. The same applies to the employed adhesives. There is a wide variety of
materials to choose from, and since the introduction of fiber composites, the range of face materials
available has increased almost infinitely, each with its unique properties. Even the number of core
possibilities has increased significantly in recent years thanks to the development of more and more
competitive cellular plastics. Therefore, designing sandwich structures is both a materials selection
and sizing problem [4].

Choosing the right materials from such a wide range of possibilities can appear to be a very complicated
task. However, quite the contrary, it is one of the main features of using sandwich structures because
it allows for the selection of the most appropriate materials for each specific application, and some
disadvantages can be overcome through geometrical sizing. For example, some reinforced plastics may
not have the same high stiffness as metals, but by increasing the core thickness, sufficient rigidity can
still be achieved. Hence, materials are often chosen not for their mechanical properties, but for other
reasons such as environmental resistance, surface finish, the use of a specific manufacturing method,
cost, or wear resistance, among others.
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2.2.1 Face materials

Almost any structural material which is available in the form of a thin sheet may be used to form the
faces of a sandwich panel [25]. However, the most frequently used face materials can be classified
into two primary categories: metallic and non-metallic materials [4]. The metallic group contains
steel, stainless steel and aluminum alloys, providing a wide range of strength properties whereas the
variation in stiffness is quite limited. Meanwhile, the non-metallic group is the largest one, which
encompasses materials such as plywood, cement, veneer, reinforced plastic, and fiber composites.
However, despite the wide range of possibilities, the general properties of primary interest for an
appropriate faces choice in the design of sandwich structures are depicted in Figure 2.8:
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Figure 2.8: Properties of primary interest for the faces of sandwich structures.

In particular, the introduction of fiber composites had a significant impact on the use of sandwich
structures. The reason for this is that most composites offer strength properties similar to, or even
higher than those of metals, but their stiffness is often lower. Therefore, to achieve high rigidity,
composites are often sandwiched with a lightweight core. In addition, their fabrication is much easier
than manufacturing metal face sandwich structures.

A unique feature of fiber composites is their anisotropic behavior, meaning that they have different
properties in different directions. This can be seen as an initial complexity that engineers might
perceive as an obstacle. However, it is, in fact, an advantage as it provides the opportunity to tailor
properties in conjunction with the applied loads. Hence, one can orient fibers to carry the load in any
particular direction [26–28]. Therefore, not only are the material components stressed to their ultimate
limit, but the component itself can also be utilized more efficiently.

2.2.2 Core materials

The core component is perhaps the most important part of the whole sandwich structure. First, it
should be as light as possible so that its mass contribution has as little impact as possible on the weight
of the entire structure. Secondly, although the transverse forces creating normal stresses perpendicular
to the core are usually low, even a small decrease in core thickness would create a large decrease in
bending stiffness. Hence, its stiffness along the direction perpendicular to the faces should be high
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enough to prevent a decrease in the core thickness, which would compromise the flexural rigidity of
the sandwich structure. The core is mainly subjected to shear, which generates core shear stresses
and global deformations through core shear strains. Consequently, the selection of a core must ensure
it can withstand the transverse load without failing and have a sufficiently high shear modulus to
provide the necessary shear stiffness. Finally, Young’s modulus and the shear modulus of the core are
both factors that influence the critical wrinkling load. Meanwhile, the core material and its thickness
primarily impact other functions of the sandwich, such as thermal and acoustical insulation. Figure 2.9
summarizes the most important characteristics for an appropriate core selection in the design of
sandwich structures:
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Figure 2.9: Properties of primary interest for the cores of sandwich structures.

Following is a brief description of the three types of cores most commonly used for the manufacture of
sandwich structures [4]:

• Balsa wood: It was the first material used as cores in load-bearing sandwich structures. Despite
being a type of wood, can be viewed as a closed-cell structure with an aspect ratio of around
1:25 when examined under a microscope (see Figure 2.10 a-c). Its properties are strongest in the
direction of fiber growth but much weaker in other directions. Balsa is available in different
qualities with densities ranging from 100 to 300 kg/m3. However, since natural balsa blocks
have varying densities, the design limit should be based on the piece with the lowest properties.
Despite being limited to the minimum density, the mechanical properties of balsa appear to be
quite good and higher than most cellular plastics.

• Honeycombs: They have mainly been developed and utilized in the aerospace industry and
construction applications. They can be created using various cell shapes (see Figure 2.10
d-h), including the commonly used hexagonal design (d), square or rectangular shape (e),
reinforced hexagonal (f ), over-expanded hexagonal (g), and the flex-core (h). The latter two
configurations are primarily used when the core needs to be curved during the manufacturing
of the sandwich structure, as they reduce anticlastic bending and cell wall buckling. Aluminum
alloy or impregnated glass or aramid fiber mats, such as Nomex®, are the most frequently used
materials for creating honeycombs.
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• Cellular foams: Despite having lower stiffness- and strength-to-weight ratios compared to
honeycombs, foams are solid on a macroscopic level (see Figure 2.10 i-k), which makes the
manufacturing of sandwich elements easier: it is easy to bond to the foam surface, it requires
simple surface preparation and shaping, and the connections of core blocks can be performed
through adhesive bonding. Additionally, cellular foams are often less expensive and offer
high thermal insulation and acoustical damping. Another advantage is that the closed-cell
structure of most foams ensures that the sandwich arrangement is buoyant and resistant to
water penetration. Among the various possibilities, the most commonly used foam alternatives
are polyurethane (PUR), polystyrene (PS), polyvinyl chloride (PVC), polyethylene (PE), and
polymethacrylimide (PMI) foams.

a)

b)

c)

d)

e)

f)

g)

h)

i)

j)

k)

Figure 2.10: SEM micrograph of the cross-section of medium-density balsa (a-c), commonly used cell configurations
for honeycomb core materials (d-h), and SEM images of a closed-cell low-density PE foam (i), an open-cell PUR

foam (j), and a micro-porous PUR foam (k). Adapted from [4, 29, 30].

2.2.3 Adhesives

When selecting an adhesive appropriate for the sandwich structure, the main focus is on finding
one that meets the mechanical requirements of the components and can create a strong bond in the
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environment where the structure will work. Factors like fatigue, heat resistance, strength, aging, and
creep are crucial considerations. Fortunately, there is a wide range of adhesives available that can create
a strong bond between almost any combination of sandwich materials, being epoxy resins, modified
epoxies, phenolics, polyurethanes, urethane acrylates, and polyester and vinyl ester resins the most
commonly used types [4]. Additionally, the adhesive must be suitable for the specific environment
where it will be used. Hence, other factors like health concerns, manufacturing methods, curing
time, curing temperature, and tooling requisites will also play a significant role in determining the
appropriate adhesive for the particular application and manufacturing environment. Ultimately, these
requirements will have the greatest influence on the choice of the adhesive system.

2.2.4 Overview of the most commonly used materials

In view of the above, the design of hybrid sandwich structures has great potential to address the
challenge of covering the holes that currently exist in material-property charts. Hence, choosing the
most appropriate adhesive and materials for manufacturing the skins and the core, as well as correctly
sizing their thickness and other dimensions, makes it possible to achieve structures with tailor-made
properties that are specific to the desired application.

As an example, Figure 2.11 depicts a flexural modulus-density material-property chart. The areas
occupied by monolithic materials like metals, polymers, ceramics, composites, and foams appear as
labeled pale envelopes. The performance of a hybrid cantilever sandwich panel consisting of CFRP
face sheets and high-performance foam core subjected to a structural load at its far, unsupported end,
is overlapping them. Every point of the highlighted trend belongs to a different sandwich arrangement
labeled with the corresponding f ratio value (see Eq. 2.1), which is calculated as the division between
the thickness of each skin (t) and the total thickness of the sandwich structure (d), ranging from 0 (all
core, no faces) to 1 (no core, all faces).

f = 2t/d (2.1)

As can be seen, some configurations of the CFRP-foam sandwiches considered in this example can
achieve stiffness and density values that occupy certain areas of the material-property chart that were
previously uncovered, thus proving the potential of the hybridization approach. In particular, using
the index E1/3/ρ for a light, stiff panel as a criterion of excellence, those sandwich arrangements with
0.01 < f < 0.2 rank as the most optimal candidates from a stiffness per unit weight perspective, as
they are the closest to the tangency with the straight line.

The use of aluminum and Nomex® honeycombs and cellular foams as core materials in sandwich
structures has been widely studied, as is evidenced by the large number of scientific publications of
the last decade [31, 32].
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Figure 2.11: Equivalent strength and density of a CFRP-foam sandwich compared with those of monolithic materials.
Adapted from [3].

Someworks focused on analyzing themachining process of Nomex® and aluminum panels prior to their
assembly into sandwich structures [33, 34]. Others focused on characterizing the honeycombs statically
and dynamically. Thus, taking into account aspects such as material, cell size and wall thickness, static
tests were performed and numerical models were presented to simulate the mechanical behavior and
deformation cinematics of the cellular cores under compressive [35, 36], bending [37], and impact
stresses [38–40]. At the same time, the design and mechanical analysis of new foam compositions
was also addressed [41–43]. Furthermore, the impact on the integrity and resistance of the sandwich
structure as well as the uncontrolled fracture propagation that can be originated from the presence of
defects in the cores were experimentally and numerically quantified by some authors [44, 45].

Based on the results published so far (see Figure 2.12), some recent investigations filled lattice and
honeycomb cores with foams to improve the performance of sandwich structures [46–48]. Despite
achieving their objective, the traditional processes used to manufacture those cellular cores significantly
limit the creation of new designs that could allow this line of research to be explored in more depth.
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a)

e)

c)

b)

d)

Figure 2.12: Representative results of machining (a-b) and quasi-static compression-shear crushing (c-d) of
honeycombs, and mechanical improvements achieved with the foam infill approach (e). Adapted from [33–35, 47].

2.2.5 Additive manufacturing and sandwich structures

AM technologies have revolutionized the design and fabrication of core materials for sandwich
structures. They offer the ability to produce complex geometries and internal structures with
high accuracy and repeatability, which are challenging to achieve using traditional manufacturing
methods. The implementation of AM technologies in the design of core materials for sandwich
structures has brought new opportunities for fabricating high-performance structures with customized
properties, leading to the development of new lightweight two- and three-dimensional geometries
that can withstand impact and bending loads more efficiently, and therefore offer an improved
performance [49–52].
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Most of the studies have opted for FFF technology, as it is one of the most economical alternatives,
as well as user-friendly and compatible with a wide range of materials. Thus, a significant number
of publications have explored the structural capacities under compression [53], flexural [54–58] and
impact [59–61] load cases of sandwich panels manufactured by this technology (see Figure 2.13).
However, due to the current maturity of this AM technology, such research has been limited by
the difficulties in combining different materials. Thus, they have focused on the study of sandwich
structures made with cellular cores and skins of the same material, usually polymeric [62–67].

However, some researchers have successfully achieved the direct fabrication of sandwich structures
combining two materials through FFF technology. This novel approach eliminates the assembly and
consolidation stages when fabricating the sandwich structure. Therefore, the whole panel can be

a) d)

e)

PETg PLA

PETg PLA

b)

c)

Figure 2.13: Examples of two-dimensional patterns manufactured by FFF (a), flexural analysis of sandwiches with
two- (b) and three-dimensional (c) cellular cores, and impact deformations of an auxetic core (d) versus a standard

hexagonal design (e). Adapted from [49, 56, 59, 66].
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additively manufactured using the same equipment, which can suppose significant savings in time
and costs as it simplifies the production process. These few studies have focused on analyzing the
quality of the bond between the faces and the core [68]. The preliminary results of the bending
performance of these samples are further proof of the efficiency of the hybridization process for
optimizing structures [69, 70].

In the meantime, other authors prefer to let the technology evolve at its own pace while focusing
on exploring the real potential of cellular cores made by FFF. To this end, their approach is based on
bonding these lightweight designs with composite skins that provide increased stiffness and strength
to the hybrid sandwich structure (see Figure 2.14). However, the limited work published to date has
focused on the flexural and impact mechanical performance of a short number of two-dimensional
and lattice core designs [71–73].

a) b)

Figure 2.14: Experimental (a) and numerical (b) approaches on the mechanical performance of hybrid sandwich
structures employing FFF cellular cores. Adapted from [71, 72].

Regarding the literature review on the sandwich structures analysis, Table2.1 presents a selection of
the most relevant scientific publications focusing on foams, Nomex®, and aluminum honeycomb cores
implementation, as well as lightweight additively manufactured alternatives.
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Table 2.1: Referenecs on the analysis of sandwich structures.
Light gray: Use of AM cellular cores. White: Use of other core materials.

Reference Aim of study

Murugan & Friswell, 2013 [26] Fiber orientation effects in composites (practical application)
Mohamed & Abdelbary, 2023 [27] Fiber orientation effects in composites (analytical + mechanical testing)
Hassan et al., 2022 [28] Fiber orientation effects in composites (experimental)
Borrega et al., 2015 [29] Analysis of natural core materials (balsa)
Petel et al., 2013 [30] Impact analysis (foams)
Kausar et al., 2023 [31] Review on applications of sandwich structures
Kueh et al., 2023 [32] Review on impact testing of sandwich structures
Jaafar et al., 2017 [33] Machining of Nomex® honeycomb cores
Makich et al., 2022 [34] Machining of aluminum honeycomb cores
Zhang et al., 2019 [35] Compression analysis of aluminum honeycomb cores
Giglio et al., 2011 [36] Compression analysis of Nomex® honeycomb cores
Sun et al., 2017 [37] Bending analysis of sandwich structures with aluminum honeycomb cores
Hu & Yu, 2013 [38] Impact analysis of honeycomb cores (analytical approach)
Li et al., 2020 [39] Impact analysis of aluminum honeycomb cores
Duan et al., 2022 [40] Impact analysis of sandwich structures with honeycomb cores (aluminum)
Zhang et al., 2023 [41] Bending analysis of foam cores
Tang et al., 2020 [42] Impact analysis of sandwich structures with foam cores
Balaban & Toygar, 2022 [43] Compression analysis of sandwich structures with foam cores
Wang et al., 2017 [44] Compression analysis of aluminum honeycomb cores with holes
Miao et al., 2021 [45] Fracture analysis of foam cores
Wang et al., 2022 [46] Impact analysis of foam-filled sandwich structures
Li & Fan, 2021 [47] Bending analysis of foam-filled sandwich structures
Pietras et al., 2020 [48] Compression analysis of foam-filled sandwich structures
Xia et al., 2023 [49] Impact analysis of two-dimensional cores
Novak et al., 2022 [50] Impact analysis of three-dimensional cores
Ambekar et al., 2021 [51] Bending analysis of three-dimensional cores
Ejeh et al., 2022 [52] Bending analysis of three-dimensional cores
Zhang et al., 2020 [53] Compression analysis of sandwich structures with cellular cores (single material)
Paczos et al., 2018 [54] Bending analysis of sandwich structures with cellular cores (single material)
Essassi et al., 2020 [55] Bending analysis of sandwich structures with cellular cores (single material)
Meng et al., 2020 [56] Bending analysis of sandwich structures with cellular cores (single material)
Brischetto & Torre, 2020 [57] Bending analysis of sandwich structures with cellular cores (single material)
Essassi et al., 2020 [58] Bending analysis of sandwich structures with cellular cores (single material)
Santos et al., 2021 [59] Impact analysis of sandwich structures with cellular cores (single material)
Sun et al., 2021 [60] Impact analysis of sandwich structures with cellular cores (single material)
Yazdani Sarvestani et al., 2018 [61] Impact analysis of sandwich structures with cellular cores (single material)
Indres, et al., 2021 [62] Bending analysis of sandwich structures with cellular cores (single material)
Peng et al., 2021 [63] Bending analysis of sandwich structures with cellular cores (single material)
Spahic et al., 2021 [64] Bending analysis of sandwich structures with cellular cores (single material)
Ghannadpour et al., 2022 [65] Bending analysis of sandwich structures with cellular cores (single material)
Zamani et al., 2022 [66] Bending analysis of sandwich structures with cellular cores (single material)
Kanani & Kennedy, 2023 [67] Bending analysis of sandwich structures with cellular cores (single material)
Bonthu et al., 2020 [68] Manufacturing defects analysis

Continued on next page
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Table 2.1 – continued from previous page
Reference Aim of study

Bharath et al., 2021 [69] Bending analysis of sandwich structures with cellular cores (hybrid)
Brischetto et al., 2018 [70] Bending analysis of sandwich structures with cellular cores (hybrid)
Acanfora et al., 2021 [71] Impact analysis of sandwich structures with cellular cores (hybrid)
Harland et al., 2019 [72] Bending analysis of sandwich structures with cellular cores (hybrid)
Li & Wang, 2017 [73] Bending analysis of sandwich structures with cellular cores (hybrid)

2.3 Additively manufactured cellular solids

Cellular structures can be first classified into two main categories according to the morphology of the
cells that constitute them: two-dimensional and three-dimensional [74]. Two-dimensional cellular
solids, also known as planar or sheet-like structures, are characterized by a flat array of cells arranged
in a regular pattern, thus obtaining a body that appears to have a direction of extrusion. In contrast,
three-dimensional cellular solids consist of a 3D network of interconnected struts, bars, plates, and
surfaces, packed together to fill space.

A second classification results from analyzing the connectivity of the cells. Cellular solids can be
divided into open-celled and closed-celled designs [75]. The former have cellular units whose material
is arranged only on the edges, thus leaving their interior space connected, whereas the faces of the
latter are solid and each cell is sealed off from its neighbors. This feature is of utmost importance for the
design of cellular structures, not only because of its direct impact on the mechanical properties of the
lightweight solid but also because the availability of interconnected cells conditions their functionality
and application. Thus, open-celled designs can be implemented, for example, for manufacturing
advanced heat exchangers, in which a forced flow of fluid is circulated inside [76].

One of the key approaches in designing cellular solids is to identify the optimal geometry of the cells
and the thickness of the cell walls [77, 78]. By carefully selecting these parameters, the mechanical
and physical properties of the material can be tailored to meet specific requirements, such as stiffness,
strength, and energy absorption [79–83]. Although researchers have been studying cellular solids
for a long time, trying to understand their unique properties, it has been especially during the last
decade that the interest in exploring novel designs has grown exponentially thanks to the advent of
AM technologies and the use of sophisticated computational models [84–86]. Therefore, it has become
possible to fabricate cellular solids with complex geometries and microstructures, opening up new
possibilities for the design and development of advanced materials [87–89].

Properties of a cellular solid depend, above all else, on its relative density (ρ∗/ρs). This single most
important feature can be estimated as the density of the cellular material (ρ∗) divided by that of the
solid from which is made (ρs). Accordingly, as the relative density increases, the cell walls thicken
and the pore space shrinks. Then, when the relative density of the structure is above 0.3 [74], there is
a transition from a cellular structure to one which is better thought of as a solid containing isolated
pores (see Figure 2.15).
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Cellular solid

Porous material

Figure 2.15: Comparison between a cellular solid (top) and a solid with isolated pores (bottom). Adapted from [74].

Due to the importance of this parameter for the design and fabrication of functional cellular structures,
the authors presented a set of mathematical models based on power-law expressions to simplify the
analytical calculation of the relative density, such as those presented below in a general way:

For all two-dimensional designs: ρ∗

ρs
= C1

t

l
(2.2)

For open-celled three-dimensional designs: ρ∗

ρs
= C2

(
t

l

)2

(2.3)

For closed-celled three-dimensional designs: ρ∗

ρs
= C3

t

l
(2.4)

where: l is the length of the edge/face

t is the cell-wall thickness
C1, C2, and C3 are numerical constants, near unity, that depend on the cell shape

To implement these equations, it is essential to determine the value of the constant C beforehand for
each particular design with experimental measurements. Once calibrated, the mathematical models
presented in Table 2.2 allow the relative density of the corresponding cellular design to be parametrically
predicted with sufficient accuracy.
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Table 2.2: Power-law expressions for predicting the relative density of different cellular structures. Adapted from [74]
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Open-celled three-dimensional designs
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ρ∗

ρs
= 2

t

l

(
1 +

1

2Ar

)
Hexagonal prisms

(Ze = 5, Zf = 3.6, ñ = 4.5, f̃ = 8)
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Ze is the edge-connectivity (number of edges that meet at a vertex)
Zf is the face-connectivity (number of faces which meet at an edge)
n is the number of edges per unit cell (ñ stands for the average value)
f is the number of faces per unit cell (f̃ stands for the average value)
Ar = h/l is the aspect ratio of the unit cell in three-dimensional designs
h is the height of the unit cell
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Although the use of power-law expressions has significant potential for estimating the relative density
of cellular solids prior to their manufacturing, this approach has several disadvantages that must be
considered. First, as previously mentioned, the C value must be experimentally calibrated for each
specific structure, which can be time-consuming and costly. Additionally, the power-law expression
may not accurately capture the complex geometries of certain cellular solids, leading to errors in the
calculation of relative density. Hence, deducting parametric equations directly from the dimensions of
the unit cell could bring significant advantages to calculate the relative density of cellular structures
more precisely.

The potential of new human-made cellular designs attracted the attention of researchers and engineers,
who focused on evaluating the printability of different designs and their mechanical properties,
combining numerical simulations with validation tests to optimize the structures for appropriate
manufacturing considering all the available AM technologies. On the one hand, the extruded-like design
of two-dimensional patterns requires no use of support structures during fabrication, as geometries
can stand by themselves while they are printed. This fact directly benefits manufacturing time and
material consumption, making better use of resources. Therefore, studies employing extrusion-based
technologies, such as FFF, generally deal with cellular geometries composed of shell-like walls, as the
vertical overlapping of the deposited rasters favors the construction of honeycomb-like designs [90–92].
On the other hand, specific AM technologies are better suited for manufacturing certain typologies
of three-dimensional cellular solids. In particular, printing lattice-type arrangements often requires
intensive use of support structures. In this sense, opting for powder bed technologies simplifies the
fabrication of supports, since the whole powder volume sustains the layer in construction, and the
surplus can be reused for future constructions [93–100]. Therefore, Powder Bed Fusion (PBF) is the
most used technique for manufacturing truss-like cellular solids [101–107].

However, one of the most promising developments in the design of three-dimensional cellular solids for
lightweight applicationswas the discovery of the TPMS [108, 109]. These geometries aremathematically
created to minimize the surface area for a given volume, having no self-intersecting or enveloping
surfaces. Moreover, the lack of nodes and discontinuities in their curvature reduces stress concentration,
thus improving their mechanical performance [110, 111]. In addition, the average curvature at
each point of the geometry is zero, hence making them self-supporting and able to be fabricated by
extrusion-based AM technologies without requiring support structures [112–116]. The charts presented
in Figure 2.16 show some representative results of the printability analysis of different lattice (a) and
Gyroid Shell-TPMS (b) cellular solids, fabricated with powder-bed fusion and extrusion-based metal
AM technologies, respectively. The presented curves indicate the limiting dimensions that allow the
correct printing of each of the three-dimensional designs considered. In addition, the results published
by Saleh et al. [117] demonstrate the accuracy of FFF equipment in reproducing these types of cellular
structures by comparing the dimensions of the printed part with those of the original CAD design (see
Figure 2.17).
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a) b)

Figure 2.16: Printability analysis of lattice (a) and Gyroid Shell-TPMS (b) cellular solids employing powder-bed fusion
and extrusion-based metal AM technologies, respectively. Adapted from [118].

a)

b)

c)

Figure 2.17: CAD design and FFF manufactured Primitive (a), Gyroid (b), and Diamond (c) Shell-TPMS cellular solids.
Adapted from [117].
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Preliminary investigations revealed the potential of both two- and three-dimensional cellular structures
for weight reduction purposes without sacrificing strength or stability. Consequently, manufacturers
of AM equipment responded by quickly incorporating some designs as advanced infill methods for
prototyping applications [119]. But, while its use can be very effective in saving material costs and
reducing printing time, quantifying the impact of the selected infill design and its density on the
mechanical properties of the produced components becomes essential in totally functional end-part
manufacturing purposes. For example, when the cells are equiaxed, the properties are isotropic,
but when the cells are even slightly elongated or flattened, the properties depend on the direction,
presenting an orthotropic or even an auxetic behavior (see Figure 2.18) [84, 85, 90, 120–133]. Hence, if
such parts are to be used in load-bearing components, understanding their mechanics is of utmost
importance for an optimal design [120, 134–141]. Therefore, an advanced design of cellular solids
demands tight control of the kinematics of their deformation to achieve the desired microstructure
properties to satisfy specific design requirements [142, 143].

a)

c)

e)

g)

b)

d)

f)

h)

Figure 2.18: Examples of re-entrant hexagonal (a), trichiral (b), double arrowhead (c), tetrachiral (d), anti-trichiral (e),
hexachiral (f ), anti-tetrachiral (g), and square grids (h) auxetic honeycombs before and after uniaxial compressive

deformation. Adapted from [144].
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Accordingly, many publications of the last five years have focused on achieving a better understanding
of awide range of cellular structures, aiming to produce components with completely tailored functional
characteristics and tight control of their performance [115, 145, 146]. Hence, with the ambition of
providing solutions to multiple engineering fields, most of the conducted studies have focused on
exploring the potential of the different cellular designs for very specific applications, whether structural,
energy absorption or thermal and acoustic insulation [145, 147–153]. Overall, the different worksmainly
investigate the performance of cellular structures through a combination of numerical simulation
models with a few experimental validation tests, in order to quantify aspects such as stiffness, strength,
energy absorption capacity, or weight savings that different cellular patterns can achieve. Figure 2.20
presents some real cases where the implementation of cellular solids has allowed the optimization of
fluid dynamics, heat transfer efficiency, and weight reduction, as well as successful in in-vivo tests of
body implants.

In addition, some authors, such as Fu et al. [143] and Liu et al. [80], have gone a step further by
tackling the optimization of the design morphology to maximize the degree of isotropy of the cellular
structures (see Figure 2.19). To this end, the anisotropy has been quantified with existing methods,
such as the Zener Ratio [154], an index widely used in the analysis of cubic crystals. However, parallel
research in other fields of science has shown the instability of this indicator for comparative purposes,
concluding that the Zener Ratio lacks universality [155]. Despite the efforts made to obtain a more
robust quantitative method, the definition of an indicator that considers certain important details such
as the anisotropy inherent to the AM process could significantly contribute to the development of new
designs that offer the desired degree of isotropy.

Figure 2.19: Qualitative analysis of the anisotropy of cellular solids employing the graphical representation of their
stiffness tensor: original (top) and homogenized designs (bottom). Adapted from [143].
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a)

b)

c)

d)

e)

f)

Figure 2.20: Real cases of improvements in fluid dynamics (a), heat transfer efficiency (b), in-vivo tests of body
implants (c), and weight reduction in F1 heat exchangers (d), rocket nozzles (e), and UAV engines (f ), thanks to the

implementation of AM cellular solids. Adapted from [156–159].
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Regarding the literature review on the cellular solids analysis, Table 2.3 presents a selection of the
most relevant studies focusing on additively manufactured two- and three-dimensional designs.

Table 2.3: Referenecs on additively manufactured cellular solids.
Light gray: Use of FFF technology. White: Use of other AM technologies.

Cellular
Reference morphology Aim of study

Seharing et al., 2020 [75] 2D + 3D Review on applications of AM cellular solids
Kaur & Singh, 2021 [76] 3D Review on applications of AM cellular solids
Lubombo & Huneault, 2018 [77] 2D Mechanical characterization (tensile + flexural)
Kumar et al., 2019 [78] 2D Mechanical characterization (compressive)
Refai et al., 2020 [79] 3D Unit cell homogenization (numerical)
Liu et al., 2021 [80] 3D Mechanical characterization (flexural)
Cheng et al., 2019 [81] 3D AM cellular design optimization (experimental + numerical)
Feng et al., 2022 [82] 3D AM cellular design optimization (experimental + numerical)
Yang et al., 2022 [83] 3D AM cellular design optimization (experimental + numerical)
Liu & Hu, 2010 [84] 2D + 3D Review on auxetic cellular solids
Álvarez-Elipe & Díaz-Lantada,
2012 [85]

2D + 3D Review on auxetic cellular solids

Fleck et al., 2010 [86] 2D + 3D Mechanical characterization (analytical)
du Plessis et al., 2022 [87] 3D Review on applications of AM cellular solids
Lin et al., 2022 [88] 3D Sound insulation capacity
Zeng & Wang, 2022 [89] 3D Heat transfer capacity
Andrew et al., 2021 [90] 2D Mechanical characterization (impact)
Zaharia et al., 2020 [91] 2D Mechanical characterization (tensile + compressive + flexural +

impact)
Tao et al., 2019 [92] 2D AM cellular design optimization (experimental + numerical)
Yang et al., 2022 [93] A
Jones et al., 2022 [94] 3D AM cellular design optimization (experimental + numerical)
Alomar & Concli, 2021 [95] 3D Mechanical characterization (compressive)
Ding et al., 2020 [96] 3D Mechanical characterization (compressive)
Li et al., 2018 [97] 3D Mechanical characterization (compressive)
Xiao et al., 2018 [98] 3D AM cellular design optimization (experimental + numerical)
Cao et al., 2018 [99] 3D Mechanical characterization (compressive)
Gümrük et al., 2013 [100] 3D Mechanical characterization (tensile + compression + shear)
Alberdi et al., 2020 [101] 3D Mechanical characterization (compressive)
Li et al., 2020 [102] 3D Mechanical characterization (compressive)
Maconachie et al., 2019 [103] 3D Review on applications of AM cellular solids
Torres et al., 2019 [104] 3D Mechanical characterization (fatigue)
Habib et al., 2018 [105] 3D Mechanical characterization (compressive)
Leary et al., 2018 [106] 3D Mechanical characterization (compressive)
Yang et al., 2015 [107] 3D AM cellular design optimization (experimental + numerical)
Sreedhar et al., 2018 [108] 3D Filtration capacity
Al-Ketan et al., 2018 [109] 3D Mechanical characterization (compressive)
Al-Ketan et al., 2020 [110] 3D Mechanical characterization (compressive)
Sathishkumar et al., 2020 [111] 3D Mechanical characterization (compressive)

Continued on next page
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Table 2.3 – continued from previous page
Cellular

Reference morphology Aim of study

Kumar et al., 2020 [112] 3D Printability + mechanical characterization (compressive)
Jia et al., 2020 [113] 3D Mechanical characterization (compressive)
Kumar et al., 2020 [114] 2D + 3D Printability + mechanical characterization (compressive)
Downing et al., 2021 [115] 3D Mechanical characterization (compressive)
Maskery et al., 2017 [116] 3D Mechanical characterization (compressive)
Saleh et al., 2022 [117] 3D Mechanical characterization (compressive)
Tanlak et al., 2017 [118] 3D Printability
Gopsill et al., 2018 [119] 2D AM cellular design optimization (numerical)
Bates et al., 2016 [120] 2D Mechanical characterization (compressive)
Bates et al., 2019 [121] 2D Mechanical characterization (compressive)
Caccese et al., 2013 [122] 2D Mechanical characterization (impact)
Ma et al., 2020 [123] 2D Mechanical characterization (compressive)
Alderson et al., 2010 [124] 2D Mechanical characterization (compressive)
Scarpa et al., 2007 [125] 2D Mechanical characterization (compressive)
Hu et al., 2018 [126] 2D Mechanical characterization (compressive)
Hou et al., 2018 [127] 2D Mechanical characterization (impact)
Mir et al., 2014 [128] 2D Review on auxetic cellular solids
Prawoto, 2012 [129] 2D + 3D Review on auxetic cellular solids
Grima et al., 2008 [130] 2D Review on auxetic cellular solids
Gaspar et al., 2005 [131] 2D Review on auxetic cellular solids
Whitty et al., 2003 [132] 2D AM cellular design optimization (numerical)
Scarpa et al., 2007 [133] 2D Mechanical characterization (compressive)
Ufodike et al., 2021 [134] 2D Mechanical characterization (compressive)
Bai et al., 2021 [135] 3D Mechanical characterization (compressive)
Ye et al., 2020 [136] 3D Mechanical characterization (compressive)
Arjunan et al., 2020 [137] 3D Mechanical characterization (compressive)
Bahrami Babamiri et al., 2020
[138]

3D Mechanical characterization (compressive)

Azzouz et al., 2019 [139] 3D Mechanical characterization (compressive + flexural + shear)
Zhang et al., 2018 [140] 3D Mechanical characterization (compressive)
Yap & Yeong, 2015 [141] 2D Mechanical characterization (compressive)
Chen et al., 2022 [142] 3D Mechanical characterization (compressive)
Fu et al., 2022 [143] 3D AM cellular design optimization (experimental + numerical)
Montgomery-Liljeroth et al., 2023
[144]

2D Review on auxetic cellular solids

Wei et al., 2021 [145] 2D Thermal expansion capacity
Sun et al., 2021 [146] 3D Mechanical characterization (compressive)
Pramanik et al., 2022 [147] 2D Mechanical characterization (compressive)
Lee et al., 2022 [148] 3D Enhanced flow performance
Novak et al., 2022 [149] 3D Mechanical characterization (compressive)
Tee et al., 2021 [150] 3D Mechanical characterization (compressive)
Ouda et al., 2020 [151] 3D Enhanced flow performance
Yang & Li, 2020 [152] 3D Mechanical characterization (compressive)
Xu et al., 2019 [153] 3D Mechanical characterization (compressive + dynamic)

Continued on next page
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Table 2.3 – continued from previous page
Cellular

Reference morphology Aim of study

Zener & Siegel, 1949 [154] - Anisotropy index calculation
Ranganathan & Ostoja-Starzewski,
2008 [155]

- Anisotropy index calculation

Lee et al., 2022 [156] 3D Enhanced flow performance
Dong & Zhao, 2021 [157] 3D Bone regeneration capacity
Attarzadeh et al., 2022 [158] 3D Heat transfer capacity
Blakey-Milner et al., 2021 [159] 2D + 3D Review on applications of AM cellular solids

2.4 The Fused Filament Fabrication technology

2.4.1 Operating principle

Extrusion-based technologies have gained widespread popularity due to their straightforward opera-
tional mechanism and efficient performance at a lower cost compared to other AM alternatives. The
most common extrusion-based technology is FFF, also known as Fused Deposition Modeling (FDM)
because of the trademark registered by Stratasys Ltd in 1991, which excels mainly due to its versatility,
since it is suitable for working with a wide range of materials.

In this 3D printing technology (see Figure 2.21), a thermoplastic material is deposited in thin layers by
an extrusion head that moves according to the building trajectories. To do so, a filament feedstock is
pushed using a stepper motor into the extrusion system. Once it reaches the liquefier, the filament is
heated a few degrees above its glass transition temperature. Then, the melted material is extruded

Support material Base platform

Model material
(part)

Liquefier

Stepper motor

Gantry

Printhead

Filament

Print nozzle

Figure 2.21: Schematic of the FFF process. Adapted from [160].
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through the print nozzle and deposited on the layer under production. The temperature difference
that appears when contacting the environment of the printing chamber and the already manufactured
volume causes an almost instantaneous solidification. Thus, the new layer adheres to the adjacent
one, and the volume of the whole part gets constructed. In addition, if the degree of inclination of
certain areas of the design exceeds the established limits, the FFF technology requires the construction
of additional support structures to hold those overhangs, which will be later removed manually or by
dissolution processes once the printing is finished.

The FFF manufacturing process starts with a 3D model of the desired part that can be prepared using
CAD software. Then, the surface of the design is typically exported into stereolithography (STL) file
format as a series of small, triangular facets, which approximate the shape of the object being modeled.
The geometry is processed in an FFF slicing software, where a wide range of process parameters (see

Table 2.4: FFF process parameters. Adapted from [161]

Category Parameter Brief description

Slicing
parameters

Layer thickness/height The thickness of each deposited layer in the building
platform

Raster width The width of deposited beads

Flow rate The volume of filament extruded through the nozzle per
unit of time

Print speed The distance that the extruder travels per unit of time
during the printing process

Infill density The percentage of the volume of the internal structure to
be filled with filament material

Raster orientation/angle The direction of a raster relative to the x-axis of the
building platform

Infill pattern The pattern followed by the extruder to fill the space
between two contours within a layer

Air gaps The gap between two adjacent rasters within a layer. If
overlapped, this value is said to be negative

Contour width The width of the material bead used for contours

Orientation Build orientation The orientation of the part on the building platform based
on the Cartesian coordinate system

Temperature
conditions

Extrusion temperature The temperature at which the filament is heated in a
liquefier during the FFF process

Building platform
temperature

The temperature of building platform

Ambient temperature The surrounding temperature where the FFF deposition
process occurs. It may impact moisture content, warping,
or cooling rate
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Table 2.4) can be adjusted. As a result, a G-Code file is automatically generated, which contains the set
of instructions that the printer requires for manufacturing the part according to the chosen parameters.

Therefore, properly setting the printing parameters is crucial for achieving functional end-parts using
FFF technology. If not set correctly, it can result in many issues, such as poor surface finish, weak
mechanical properties, or even a complete print failure [162]. Additionally, the optimal settings can
vary depending on the selected material, the design of the part, and the specific equipment being used.
Thus, a thorough understanding of the printing process and proper calibration of the parameters is
essential for achieving consistent, high-quality components.

2.4.2 PEI Ultem™ 9085

One of the most significant advantages of FFF technology compared to other AM technologies is
its compatibility with a wide range of materials, including pure thermoplastics, composites, and
bioplastics [161, 163]. The scheme presented in Figure 2.22 shows a FFF materials classification
according to their typology, providing the principal examples for each class.

FFF materials

Composites Other

Particulate 
composites

Fiber composites (short 
or continuous)

Nano-composites

Pure 
bioplastics

Bioplastic 
composites

• Polylactic acid (PLA)
• Acrylonitrile butadiene (ABS)
• High density polyethylene (HDPE)
• Polyphenylsulfone (PPSF)
• Polyether ether ketone (PEEK)
• Polyethylene terephthalate

glycol-modified (PTFE)
• Polyetherimide (PEI)
• Nylon 12

Pure 
thermoplastics

• Ceramic slurries and 
clay (Alumina, Zirconia, 
Kaolin)

• Ceramic/Binder mixture
• Metal/Binder mixture 

(stainless steel, titanium, 
Inconel)

• ABS or PLA with 
graphene oxide

• Carbon fiber reinforced 
polymer (CFRP)

• Glass fiber reinforced 
polymer (GFRP)

• Thermoplastic with 
graphene or carbon 
nanotubes

• Polylactic acid (PLA)
• Polyhydroxyalkanoate (PHA)
• Poly(3-hydroxybutyrate) (PHB)
• Poly(3-hydroxybutyrate-co-

3-hydroxy valerate) (PHBV)

• Bioplastic with 
cellulose-, protein- or 
mineral-based 
reinforcements (jute, 
wood, silk…)

• Food pastes
• Biological materials 

(Bioink)

Bioplastics

Figure 2.22: FFF materials classification according to their typology with examples. Adapted from [161] and [163].
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Among all of them, PEI is a group of amorphous thermoplastics that offer excellent characteristics,
including good processability and the ability to withstand exposure to high temperatures. These
thermoplastics were obtained by the polycondensation reaction in the presence of three monomers
such as bisphenol A, phthalimide anhydride halogen and diamine [164]. The repeating structure of
ether and imide functional groups in their monomers contributes to their thermal stability as evidenced
by their high glass-transition temperature (Tg) of around 200°C. In comparison to other thermoplastics
with relatively low Tg values, such as ABS (110°C to 125°C) or PLA (50°C to 80°C), PEI is a better
candidate for high-temperature applications. Additionally, PEI has superior mechanical strength,
ductility, chemical resistance, and high dielectric strength. The demand for stricter regulations for
smoke evolution and flame resistance, energy efficiency, and electronics miniaturization has opened
up new market opportunities for PEI. Furthermore, its resistance to lubricants, coolants, and fuels
makes it an attractive material for the aerospace and automotive industries, among others [165, 166].

Ultem™ (see Figure 2.23), the trade name formally announced by General Electric Company in 1982,
refers to a family of PEI thermoplastics that were developed by J.G. Wirth’s research group [167].
Despite its exact formulation not being disclosed, it is known to be a blend of PEI and PC copolymer
to enhance flowability [168, 169]. These high-performance engineering thermoplastics have a balance
of qualities characteristic of amorphous polymers while also approaching the performance of some
crystalline and thermoset resins, which results in a very attractive combination [170].

Ultem™ 9085

Figure 2.23: PEI’s monomeric unit, Ultem™ 9085’s main component.

Currently, there are two types of commercially available Ultem™ filaments for FFF manufacturing:
Ultem™ 1010 and Ultem™ 9085. Both materials have exceptional heat and chemical resistance, as well
as a high strength-to-weight ratio. On the one hand, Ultem™ 1010 has the lowest coefficient of thermal
expansion among the wide range of FFF materials, complies with NSF 51 food safety requirements,
and is certified for ISO 10993 and USP Class VI biocompatibility, making it ideal for medical and



2.4. The Fused Filament Fabrication technology 41

food-related applications [171, 172]. However, for manufacturing components that require toughness,
high strength, ductility, low mass, and compliance with low out-gassing and flame, smoke, and toxicity
(FST) regulations, Ultem™ 9085 (Ultem from now on) is the best choice [173]. This FFF material
meets strict test criteria and retains the traceability required by the aerospace industry, making it a
popular choice for fabricating aircraft and helicopter interior fittings and air ducts, as well as in the rail
transport, automotive, and energy industries [165, 174, 175]. Furthermore, it has also proven to exhibit
superior mechanical performance compared to other common thermoplastics [176, 177]. Given the
above, Ultem™ 9085 is an excellent candidate for exploring the capabilities of AM-fabricated cellular
cores for hybrid sandwich structures.

2.4.3 Mechanical performance of FFF parts

The FFF technology has progressed exponentially in recent years, thanks to expanding the range of
materials available and producing more robust and reliable professional equipment that allows to
increase production speeds and reduce manufacturing costs. With such developments, FFF technology
has been increasingly utilized for end-use part manufacturing in many engineering sectors, like
aerospace, automotive, and medical devices [178].

The mechanical performance of these components is an important factor to ensure the success of the
final product. Therefore, understanding the influence of printing parameters on the performance of
FFF parts is of paramount importance for many applications where ensuring safety and reliability
is essential. Therefore, optimizing these parameters can lead to significant improvements in the
mechanical properties.

In this sense, published scientific contributions have been mostly focused on the mechanical analysis
of the inherent anisotropy induced by the FFF technology in solid configurations [162, 179, 180]. For
instance, extensive studies of the behavior of ABS parts under tensile, flexural, and compression states
were conducted [181, 182], as well as under fatigue test conditions [183]. These results awakened the
interest to model the processed material with numerical approaches [184]. Furthermore, PLA was also
investigated with the same purpose [185–187], and the influence of printing parameters on fatigue life
was also evaluated [188]. The same analyses were attempted with PC [189], whose results provided
a stiffness matrix that described the performance of this material depending on the manufacturing
parameters [190]. Other investigations conducted employing the same material delved into its fracture
behavior [191, 192] and the creep effect [193]. Simultaneously, other authors offered a numerical
approach to simulate its performance under fatigue loads [194].

In the case of more advanced materials that have aroused interest in recent years, such as Ultem in
particular, the available information in this regard is still limited. For example, its tensile behavior has
been documented [195–198], as well as its response to flexural and compression tests [166, 199, 200],
and its fatigue strength compared with other thermoplastics [176]. In addition, the consequences of
moisture absorption in the Ultem filament before printing [201] and its impact resistance [177] have
also been investigated. Meanwhile, the chemical similarities between Ultem and the corresponding
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polysulfone (PSF) support material pose particular challenges for the elimination of the second one.
For this reason, other authors focused their work on developing novel solvents and support-removal
methodologies [202, 203].

However, the benefits associated with the influence of the rasters separation in terms of weight
decrease, as well as material and manufacturing time savings are yet not fully addressed. Further,
the optimization of mechanical performance by just modifying the infill configuration can be crucial
to bringing the FFF technology to the forefront of industrial manufacturing. In addition, having a
numerical model to simulate the mechanical behavior of this material that has been experimentally
validated would allow the design of new, more efficient components to be approached with guarantees
of success.

Regarding the literature review on the performance of FFF components, Table 2.5 presents a selection
of the most relevant studies focusing on the mechanical characterization of parts manufactured using
this AM technology under different load cases.

Table 2.5: Referenecs on the mechanical characterization of FFF parts under different load cases.
Light gray: Use of Ultem. White: Use of other materials.

Reference Aim of study

Sola et al., 2023 [160] Tensile testing
Dey et al., 2021 [161] Review on FFF materials
Popescu et al., 2018 [162] Review on FFF process parameters
Jandyal et al., 2022 [163] Review on FFF materials and applications
Hsissou et al., 2021 [164] Review on FFF materials
Ceruti et al., 2019 [165] Review on FFF applications
Byberg et al., 2018 [166] Tensile + flexural + compressive testing
Melton et al., 2011 [167] Review on FFF materials
Blanco et al., 2018 [168] Thermodynamic properties
Luchinsky et al., 2018 [169] Thermodynamic properties + shear viscosity
Lau, 2014 [170] Review on FFF materials
Stratasys, 2021 [171] Technical datasheet
Hooper et al., 2019 [172] Review on FFF applications
Stratasys, 2021 [173] Technical datasheet
Najmon et al., 2019 [174] Review on FFF applications
Wu et al., 2018 [175] Review on FFF applications
Fard & Hashemi, 2020 [176] Fatigue testing
Roberson et al., 2015 [177] Process comparison (building vs machining)
Dilberoglu et al., 2017 [178] Review on FFF applications
Dizon et al., 2018 [179] Anisotropy analysis
Gabor et al., 2019 [180] Anisotropy analysis
McLouth et al., 2017 [181] Fracture toughness analysis
Sood et al., 2010 [182] Tensile + flexural + impact testing
Ziemian & Ziemian, 2019 [183] Fatigue testing
Ahn et al., 2002 [184] Anisotropy analysis

Continued on next page
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Table 2.5 – continued from previous page
Reference Aim of study

Wittbrodt & Pearce, 2015 [185] Material color influence on mechanical properties
Lee & Liu, 2019 [186] Tensile testing
Chacón et al., 2017 [187] Tensile + flexural testing
Gomez-Gras et al., 2018 [188] Fatigue testing
Smith & Dean, 2013 [189] Tensile testing
Domingo-Espin et al., 2015 [190] Anisotropy analisis
Sedighi et al., 2020 [191] Tensile + flexural + mode I fracture testing
Bahrami et al., 2020 [192] Mixed-mode I-II fracture testing
Salazar-Martín et al., 2018 [193] Creep testing
Puigoriol-Forcada et al., 2018 [194] Fatigue testing
Zaldivar et al., 2017 [195] Tensile testing + dynamic mechanical analysis + thermal mechanical analysis
Bagsik & Schöppner, 2011 [196] Tensile testing
Bagsik et al., 2010 [197] Tensile + compressive testing
Gebisa & Lemu, 2019 [198] Tensile testing
Motaparti, 2016 [199] Flexural + compressive testing
Gebisa & Lemu, 2018 [200] Flexural testing
Zaldivar et al., 2018 [201] Tensile testing + dynamic mechanical analysis
Chueca de Bruijn et al., 2022 [202] Solvent removal for support structures
Chueca de Bruijn et al., 2020 [203] Solvent removal for support structures

2.5 Literature gaps

The trends presented in Figure 2.24 demonstrate the growing interest in recent years in the main topics
detailed earlier in this chapter of the thesis. However, at the time of this thesis, there are still many

Thesis
development

Figure 2.24: Evolution of the number of annual publications registered in ScienceDirect since 2001 that deal with any
of the topics related to this research.
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gaps in the literature to be explored. These unknowns, which are listed below, form the basis of this
work and highlight the key areas in which this research contributes to the design and AM of cellular
solids for lightweight hybrid sandwich structures.

• To conduct a complete study of the mechanical properties of Ultem in order to
approach the FE simulation of components manufactured by FFF considering the
different printing parameters: Previous investigations into the performance of FFF specimens
have primarily focused on identifying the printing parameters that influence their mechanical
properties. However, when it comes to the design and manufacturing of fully functional end
parts, absolute control of these parameters becomes essential in order to produce parts with
consistent and predictable mechanical behavior. For this reason, a comprehensive analysis of
the tensile, flexural, and shear performance of FFF specimens is required. This analysis should
allow the calculation of the entire stiffness tensor and determine the yield and strength points of
the printed parts while taking into account multiple infill configurations. By doing so, it will be
possible to optimize the printing process and ensure that the final products meet the required
mechanical specifications.

• Toquantify the impact of using the Sparse infill on the equivalentmechanical properties
of the material: Although this infill type is one of the most widely used in FFF technology
due to its significant savings in material and manufacturing time, it compromises the structural
capacity of the manufactured components. However, its optimized design could become a
strategic advantage for the manufacture of lightweight components. To this end, it is necessary
to quantify the effect of this infill configuration on the mechanical properties of FFF samples,
comparing them with those of the corresponding solid configuration.

• To explore the impact of cellular design, density, and arrangement on the equivalent
material properties in order to tailor its performance to the application requirements:
Many studies have focused on assessing the mechanical behavior of different cellular solids
mainly under compressive, bending and impact loading states combining numerical and
experimental approaches. However, the disparity of methodologies and materials implemented
makes a fair comparison of the published results difficult. Thus, analyzing the performance of a
wide range of two- and three-dimensional cellular designs employing the same test conditions
would allow achieving the necessary data to adjust the equivalent properties of a material by
controlling the design, the density and the arrangement of the cells.

• Toprovide new analyticalmethodologies that further contribute to the design of cellular
solids: There has been a recent trend in research towards exploring the mechanical performance
of cellular solids using a combination of numerical and experimental approaches. While this has
proven to be an effective method for understanding the behavior of these materials, there is also a
need for analytical calculations. Providing analytical calculations would have several advantages
for the design of lightweight components with tailored performance. Firstly, it would allow
for a more efficient and cost-effective approach to designing and manufacturing cellular solids.



2.5. Literature gaps 45

Analytical models can be used to predict the mechanical behavior of these materials without the
need for extensive experimental testing. Additionally, analytical calculations can provide insight
into the relationship between the structure and properties of cellular solids, allowing designers
to optimize their performance based on specific requirements. This would enable the creation of
more customized and specialized cellular solids for a wide range of applications.

• To validate a robust numerical methodology for both the simulation of the compression
and flexural behavior of cellular cores, as well as the bending of hybrid sandwich
structures: In recent years, there has been a significant increase in the use of numerical
approaches to simulate the mechanical behavior of cellular solids. However, the majority of the
published numerical approaches tend to focus on reproducing the exact behavior of a particular
case, rather than considering more versatile models that employ generic boundary conditions.
The development of these models would allow for the simulation of multiple cellular designs,
making it possible to explore a wider range of structures and properties. This approach would
also facilitate the optimization of cellular solids for specific applications by allowing researchers
to investigate how changes in design parameters affect mechanical behavior. Furthermore, by
using generic boundary conditions, researchers can develop more transferable numerical models
that can be applied across a range of materials and scales. This would not only provide a deeper
understanding of the underlying mechanics of cellular solids but also enable the development of
more efficient and sustainable materials for a variety of engineering applications.

• To deeply explore the potential of additively manufactured cellular cores for obtaining
more efficient hybrid sandwich structures: The maturity of FFF technology limits the
possibility of manufacturing hybrid sandwich structures in a single process. Despite these
limitations, the full potential of cellular cores in hybrid sandwich structures should be explored
through further investigation. By considering a wider range of cellular designs and densities,
it may be possible to identify new opportunities for the integration of different materials and
manufacturing methods. This could lead to the development of new hybrid sandwich structures
with enhanced mechanical properties and multifunctional capabilities. Additionally, further
investigation into the mechanical behavior of cellular cores in hybrid sandwich structures could
provide insights to optimize their design and performance for a wide range of applications.
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3
Methodology

This chapter presents the different approaches to investigate the mechanical performance at three levels
of detail: material, cellular core design, and sandwich structure. In each case, the analytical, numerical
and/or experimental approaches that have been combined to validate the outcomes of this research are
described.
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In order to address the objectives defined in this doctoral thesis, this research was structured in three
distinct stages. Firstly, a complete study of the role that the FFF technology printing parameters
play on the elastoplastic behavior of the material selected for this research (Ultem) was conducted.
Then, the second stage focused on exploring the structural capabilities of a wide range of two- and
three-dimensional cellular designs under compressive stresses. Finally, considering the mechanical
behavior of Ultem processed by FFF and the potential of the considered cellular cores, it was possible
to determine with certainty the structural efficiency of multiple hybrid sandwich structures during the
third stage of the present investigation.

To address this challenge and validate the raised hypotheses, analytical, experimental and numerical
methods were combined to validate the results of each stage. The following sections of this chapter
detail the methodology implemented in each of these approaches, considering theoretical calculations,
mechanical fabrication and experimentation, digital microscopy and DIC analyses, and FE modeling.

3.1 Material characterization

3.1.1 Design of experiments

To identify the role that the FFF printing parameters played on the mechanical performance and weight
reduction of Ultem parts, tensile (ASTM D638 [204]), flexural (ASTM D790 [205]), and shear (ASTM
D5379 [206]) loading tests were conducted. In particular, the three parameters evaluated were:

a) Sample orientation: Sets the position of the design to be fabricated on the printing bed.

b) Raster angle: Determines the angle of the filaments’ intra-layer orientation relative to the
x-axis of the printing bed.

c) Raster-to-raster air gap: Indicates the physical separation between two intra-layer contiguous
rasters.

An accurate combination of these factors is essential for controlling the material deposition and
the internal design of the FFF parts. Accordingly, the printed parts were categorized into two main
configurations: solid (air gap = 0 mm) and sparse (air gap > 0 mm).

To evaluate the effect of the filament’s intra-layer direction on the mechanical performance of solid
specimens, 3 different raster angles were studied: 0º, 90º, and ±45º. However, it should be noted that
some of these raster angle values may not be useful in combination with the sparse infill configurations
for structural applications. In particular, unidirectional sparse configurations would dramatically reduce
the consistency of these low-density parts in some testing directions, as this infill type eliminates the
intra-layer raster connections. Therefore, only the raster angle of ±45º was considered appropriate for
testing the sparse configuration. In this case, and regarding the dimensions of the ASTM specimens,
the inspected raster-to-raster air gap values were 0.25 mm, 0.50 mm, and 0.75 mm.
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Material deposition rasters directly depend on the arrangement of the part on the building bed (Flat
or Edge) due to the shape of the ASTM specimens. Moreover, the possible anisotropic properties
of the material had to be evaluated for every raster angle and part arrangement, especially when
a unidirectional infill pattern was used (0º or 90º). Hence, each solid and sparse configuration was
characterized in all three cartesian orientations (x, y, and z) as shown in Figure 3.1.

Figure 3.1: Printing orientations of all the manufactured test samples. ASTM D638: x-Flat (A), x-Edge (B), y-Flat (C),
y-Edge (D), z-Flat (E), and z-Edge (F); ASTM D790: x-Flat (G), x-Edge (H), and z-Edge (I); ASTM D5379: x-Flat (J),

x-Edge (K), y-Flat (L), y-Edge (M), z-Flat (N), and z-Edge (O).

On the one hand, tensile tests were performed along the global x, y, and z axes of the printing bed, to
determine any degree of isotropy in each solid configuration, and particularly to confirm the expected
orthotropy of the ±45º samples. The preliminary results obtained from samples of this configuration
demonstrated an equivalent behavior between specimens rotated 90º around the z-axis on the printing
bed. Consequently, the analysis of the part orientations x-Flat, x-Edge, and z-Edge was considered
enough for the complete evaluation of the tensile mechanical performance of the sparse configuration.

On the other hand, flexural tests were conducted in all configurations to study the differences between
intra-layer and inter-layer bending properties. To do so, specimens were fabricated and evaluated
in x-Flat, x-Edge, and z-Edge part orientations for both solid and sparse configurations, considering
again the previous equivalence of samples.

Additionally, a full factorial design of experiments (DOE) was followed for conducting the shear
experiments, with identical part orientations tested in both solid and sparse configurations.

Finally, a minimum of 3 specimens per infill configuration were tested for each part orientation depicted
in Figure 3.1 to verify the repeatability of all experiments. This led to a total of 277 tested specimens1.
1Tensile testing: 115 samples (70 solid and 45 sparse). Flexural testing: 54 samples (27 solid and 27 sparse). Shear testing: 108
samples (54 solid and 54 sparse).
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The previously described factors and their respective different levels considered in this DOE are
summarized in Tables 3.1 and 3.2.

Table 3.1: Design factors and levels considered for analyzing the solid configuration.

Solid configuration

ASTM test standard Air gap (mm) Raster angle (º) Part orientation

D638 [204] 0.00
0 x-Flat / x-Edge
90 y-Flat / y-Edge
±45 z-Flat / z-Edge

D790 [205] 0.00
0

x-Flat / x-Edge
z-Edge90

±45

D5379 [206] 0.00
0 x-Flat / x-Edge
90 y-Flat / y-Edge
±45 z-Flat / z-Edge

Table 3.2: Design factors and levels considered for analyzing the sparse configuration.

Sparse configuration

ASTM test standard Air gap (mm) Raster angle (º) Part orientation

D638 [204]
0.25

±45
x-Flat / x-Edge

z-Edge0.50
0.75

D790 [205]
0.50

±45
x-Flat / x-Edge

z-Edge0.50
0.75

D5379 [206]
0.75

±45
x-Flat / x-Edge

0.50 y-Flat / y-Edge
0.75 z-Flat / z-Edge

3.1.2 Sample manufacturing

Each specimen geometry, exported into STL format, was processed using Stratasys’ official slicer
software (Insight) to generate a Coordinate Machine Binary (CMB) file that contains the necessary
information to fabricate every sample according to the proposed DOE. The slice height value was set
to 0.254 mm, while both contour and infill raster widths were set at 0.508 mm. Samples were built
with one external contour to emphasize the impact of each infill configuration on their mechanical
performance. Seam control options were adjusted to ensure that any contour joint did not occur
within the gauge section and/or the transition radius region of the specimen. In all cases, the parallel
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offset part rasters feature was activated to prevent the unwanted appearance of a continuous defect
along the part’s height in those solid infill trajectories of 0º or 90º that present unidirectional rasters
(see Figure 3.2). Sparse configurations were created by increasing the distance between contiguous
filaments with the raster-to-raster air gap value.

a) x-Flat 0o

b) x-Flat 90o

c) x-Flat ±45o

d) x-Flat 0.25 mm

e) x-Flat 0.50 mm

f) x-Flat 0.75 mm

Figure 3.2: Representation of the cross-sectional area of samples in x-Flat 0º (a), x-Flat 90º (b), and x-Flat ±45º (c)
solid configurations, and x-Flat 0.25 mm (d), x-Flat 0.50 mm (e), and x-Flat 0.75 mm (f ) sparse configurations.

Samples were fabricated with a Stratasys Fortus 400mc professional FFF printer. This equipment has a
heated chamber to ensure a controlled temperature during the whole printing process. This monitored
environment is essential for guaranteeing the quality of the produced parts since it improves the
inter-layer cohesion between consecutive layers. The Stratasys recommended working conditions for
depositing Ultem FFF filament included an oven temperature of 195ºC. The model material (Ultem)
was extruded at 380ºC and the support material (PSF) at 421ºC. After printing, the support structures
were manually removed, and the mass and dimensions of each sample were measured.

3.1.3 Digital microscopy analyses

Once printed, samples were examined using a high-resolution Olympus DSX1000 digital microscope
equipped with x5/x20 lenses in order to assess the quality investigation of the FFF manufacturing
process and identify possible defects. In particular, the taken images allowed a detailed observation
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of the consolidation of both intra-layer and inter-layer filament bonds and helped to determine their
impact on the mechanical properties of the Ultem processed by this AM technology.

3.1.4 Digital image correlation

The inherent surface roughness of parts produced by FFF compromises the use of gauges for strain
analysis. For this reason, DIC technology has been implemented in this research as an alternative.

DIC is a non-contact, full-field measurement technique that allows for the accurate quantification
of deformation and strain fields on the surface of materials and structures. It involves analyzing a
series of digital images taken before and after deformation to extract surface displacement and strain
fields using algorithms. DIC has become a powerful tool for material and structural characterization,
enabling researchers to analyze the mechanical behavior of materials and structures under various
loading conditions. The technique is widely used in fields such as materials science, biomechanics,
civil engineering, and aerospace engineering. DIC technology has rapidly advanced in recent years,
leading to increased accuracy, speed, and versatility of the technique, making it an essential tool for
researchers and engineers alike.

In particular, a 3D DIC setup was integrated for the investigation of full-field deformation dur-
ing experimental tests when necessary. To do so, specimens were previously sprayed with a
black-and-white stochastic pattern (see Figure 3.3). Then, 2 Allied Vision GigE MAKO G-507B cameras
with APO-Xenoplan 1.4/23-0903 lens separated at an angle of approximately 23 degrees were used for
recording the displacements on the surface of the samples. The whole system was calibrated with a
GOM Correlate CP20/MV55x44 panel. Finally, the recorded video sequences were post-processed with
GOM Correlate Professional software to analyze the full-field deformation of the samples.

Figure 3.3: Example of a black-and-white stochastic pattern sprayed on the surface of a two-dimensional cellular
solid design fabricated with FFF. The scale bar corresponds to 5 mm.
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3.1.5 Tensile testing

Tensile tests were performed according to the ASTM D638 standard [204] using ZwickRoell Z030
30 kN equipment (see Figure 3.4). Type IV specimens with a thickness of 4 mm were selected for
testing. The yield point was determined using an offset method of 0.1% strain. Two DIC extensometers
placed perpendicularly in the center of the gauge section of each specimen were used to calculate the
Poisson’s coefficients within the elastic region. Results for tensile modulus, yield stress, yield strain,
tensile strength, and strain at tensile strength were reported.

Figure 3.4: Experimental setup for ASTM D638 tensile test standard with DIC equipment.

3.1.6 Flexural testing

ASTM D790 standard [205] three-point flexural tests were conducted on specimens with a thickness
of 4 mm using ZwickRoell Z030 30 kN equipment (see Figure 3.5). According to a 64 mm support
span, the width and length dimensions of the samples were set to 10 mm and 127 mm, respectively, as
specified by the test standard. The resulting rate of crosshead displacement was 1.71 mm/min under
these conditions. The yield point was determined using an offset method of 0.1% strain. Although the
ASTM D790 standard recommends ending the test when a 5% strain is reached, all of the samples were
tested until failure occurred. Results for flexural modulus, yield stress, yield strain, flexural strength,
and strain at flexural strength were reported.
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Figure 3.5: Experimental setup for ASTM D790 flexural test standard.

3.1.7 Shear testing

Shear tests were conducted using ZwickRoell Z030 30 kN equipment following the ASTM D5379
standard [206], again with specimens of 4 mm thickness (see Figure 3.6). No twisting effect was
observed during the test, so there was no need to use additional tabs. DIC equipment was used to
measure the shear strain at the center of the specimen. While the test standard recommends stopping
the test at a strain of 5%, the shear tests were continued until failure occurred. The yield point was
estimated using the offset method with a strain of 0.2%. Results for shear modulus, yield point data,
shear strength, and strain at shear strength were reported.

Figure 3.6: Experimental setup for ASTM D5379 shear test standard with DIC equipment.



56 3. Methodology

3.2 Cellular solids characterization

Having analyzed the anisotropic behavior of Ultem and obtained the compliance matrices for different
infill configurations, the second stage consisted of characterizing the cellular designs fabricated by FFF
to evaluate their structural capacities.

3.2.1 Design of experiments

Thirteen two-dimensional (see Figure 3.7) and twenty three-dimensional (see Figure 3.8) cellular solids
were selected to assess the role that the pattern’s design, cell size, and density play on the mechanical
performance and weight reduction of lightweight structures. To this end, their compression behavior
was examined and validated through analytical, numerical and experimental approaches.

In particular, the analysis encompasses the two-dimensional cellular geometries Antitetrachiral,
Circular, Hexachiral, Hexagon, Re-Entrant Hexagon (types I and II), Lozenge Grids, Rotachiral,
Sinusoidal Ligaments, Square Grids, SrCuBO, and Tetrachiral. Moreover, the Sparse infill, classically
used in FFF printing strategies, was also included for comparison. Three different density levels were
considered in all cases, except for the Sparse pattern, for which six air gap values were considered, thus
providing a total of 42 different infill configurations. Only tests in x and z-directions were conducted
with the symmetrical cellular designs2, considering the equivalence of in-plane x and y-directions.

2Symmetrical two-dimensional cellular patterns: Antitetrachiral, Lozenge Grids, Rotachiral, Sinusoidal Ligaments, Square
Grids, SrCuBO, Tetrachiral, and Sparse.

a) Antitetrachiral b) Circular c) Hexachiral d) Hexagon e) Lozenge Grids

f) Re-Entrant Hexagon I g) Re-Entrant Hexagon II h) Rotachiral i) Sinusoidal Ligaments j) Square Grids

k) SrCuBO l) Tetrachiral m) Sparse

Figure 3.7: FFF manufactured sample of each two-dimensional cellular solid assessed.



3.2. Cellular solids characterization 57

a) Reinforced Body-centered Cube b) Dode Medium

d) G-Structure 9

c) Dode Thick

e) G-Structure 10 f) Octet Truss

g) Rhombic Dodecahedron h) Trucated Octa Light i) Neovius Surface

j) Schoen Gyroid k) Schwarz Diamond l) Cylinder Grid

m) Schwarz Primitive (Pinched) n) Schwarz Primitive o) Body Diagonals With Nodes

p) Gyroid q) Diamond r) Lidinoid

s) Split-P t) Schwarz Solid ±45º

x

z

y

Figure 3.8: FFF manufactured sample of each three-dimensional cellular solid assessed.
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Regarding the three-dimensional cellular solids, the study included eight lattices, seven Skeletal-TPMS,
and five Shell-TPMS designs:

a) Lattice designs: Reinforced body-centered cube, Dode medium, Dode thick, G-Structure 9,
G-Structure 10, Octet truss, Rhombic dodecahedron, and Truncated octa light.

b) Skeletal-TPMS designs: Neovius surface, Schoen gyroid, Schwarz diamond, Cylinder grid,
Schwarz primitive (pinched), Schwarz primitive, and Body diagonals with nodes.

c) Shell-TPMS designs: Gyroid, Diamond, Lidinoid, Split-P, and Schwarz.

2 different unit cell sizes were considered in each case, thus resulting in samples made of a single cell and
others of eight cells. In addition, two infill densities (solid and sparse) were implemented when possible.
Samples were only tested in z-direction considering the spatial symmetry of three-dimensional designs.

Finally, the mechanical behavior of the two and three-dimensional cellular solids was also compared
with the compressive performance of a solid cube with nominal dimensions equivalent to the fabricated
specimens (40× 40× 40 mm). In order to test the repeatability of all the experiments, 2 specimens
per cellular pattern and test orientation were analyzed. This led to a total of 340 tested specimens3.

3.2.2 Analytical approach

One of the parameters that better describe the physical and mechanical characteristics of a cellular
solid is its relative density. It is calculated by dividing the density of the cellular solid (ρ∗) by the
density of the solid material (ρs) it is made of. Furthermore, the relative density also corresponds to
the ratio between the effective elastic modulus in the z-direction (E∗

z ) and the one corresponding solid
material (Es

z ) for two-dimensional patterns:

E∗
z

Es
z

=
ρ∗

ρs
(3.1)

In addition, the effective in-plane elastic moduli (E∗
x and E∗

y ) and strengths (σ∗
x and σ∗

y) of
two-dimensional cellular patterns can be estimated with the following power-law expressions, which
also require the values of sample’s relative density and solid material’s elastic modulus:

E∗
x

Es
x

= Bx

(
ρ∗

ρs

)b E∗
y

Es
y

= By

(
ρ∗

ρs

)b

E∗
x

Es
x

= Cx

(
ρ∗

ρs

)c E∗
y

Es
y

= Cy

(
ρ∗

ρs

)c

(3.2)

3198 two-dimensional and 142 three-dimensional cellular solids
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where: b = 1 and c = 1 for stretch-dominated structures

b = 3 and c = 2 for bending-dominated structures

Bx, By , Cx, and Cy are experimental coefficients that depend on the cell geometry

Hence, given the relevance of the relative density of the two-dimensional patterns, the dimensions
of each cell design that was considered in this work were parameterized as displayed in Figure 3.9.
Moreover, the modification of these design parameters allows the fabrication of multiple cellular solids
with different densities using the same cell morphology. Therefore, the following analytical equations
were determined to calculate the relative density of the two-dimensional patterns prior to fabrication.

a) Antitetrachiral

ρ∗

ρs
=

2

b2

[
t (aπ + b) +

√
2

2
(2a− t)

√
at−

(
a+

t

2

)2

arccos

(
2a− t

2a+ t

)]
(3.3)

b) Circular
ρ∗

ρs
=

4√
3

atπ

(2a+ t)
2 (3.4)

c) Hexachiral
ρ∗

ρs
= 1− 1

b2

[
2π√
3

(
a− t

2

)2

+
(√

b2 − 4a2 − t
√
3
)2]

(3.5)

d) Hexagon
ρ∗

ρs
=

t
√
3

9a2

(
6a− t

√
3
)

(3.6)

f) Lozenge Grids
ρ∗

ρs
=

8a− t

8a2
t (3.7)

f) Re-Entrant Hexagon I

ρ∗

ρs
= 1−

(
a sin θ − t

2

)(
b− t

sin θ

)
ab sin θ

(3.8)

g) Re-Entrant Hexagon II

ρ∗

ρs
=

2t

[
a+

1

sin θ
(b− t)− t2

2 tan θ

]
b

(
2a− b

tan θ

) (3.9)
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h) Rotachiral

ρ∗

ρs
=

πt (3b− 2a)√
3b2

+

√
3at (b− 2a) (2a+ b+ 2t)√

2b2
−

− 2
√
3

b2

(
b

4
− a

2
+

t

2

)2

arccos

(
b2 + 2bt− 4a2 − 12at

[b+ 2 (t− a)] (2a+ b)

)
−

− 2
√
3

b2

(
a+

t

2

)2

arccos

(
6at+ 2ab+ 4a2 − bt

(2a+ t) (2a+ b)

)
(3.10)

i) Sinusoidal Ligaments

ρ∗

ρs
=

4

a2

[(
b− t

2

)2

+

(
b− t

2
+ Ψ

)(
a

2
− b+

t

2

)
+
(a
2
−Ψ

)(
Ω− b+

t

2

)]
+

+
2

a2

[(
a2

8b
+

b

2
+

t

2

)2

(2γ − sin (2γ))−
(
a2

8b
+

b

2
− t

2

)2

(2δ − sin (2δ))

]
(3.11)

where: α = arcsin

(√
2
(
a2 − 4b2 − 4ab

)
2 (4b2 + a2)

)

β = arccos

(
−
√
2
(
−16b4 − 32tb3 − 8a2b2 − 8bta2 − a4

)
2 (4b (b+ t) + a2) (4b2 + a2)

)

γ = arcsin

 a

2
−Ψ

a2

8b
+

b

2
+

t

2



δ = arcsin

 a

2
− Ω

a2

8b
+

b

2
− t

2


Ψ =

a

2
−
(
a2

8b
+

b+ t

2

)
cos
(π
2
+ α− β

)
Ω = −a2

8b
+

b

2
+

(
a2

8b
+

b+ t

2

)
sin
(π
2
+ α− β

)

j) Square Grids
ρ∗

ρs
=

10a− t

9a2
t (3.12)
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Figure 3.9: Design parameters considered for the fabrication of the two-dimensional cellular solids assessed.
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k) SrCuBO
ρ∗

ρs
=

20at− t2
(
4 + 6

√
3
)

a2
(
4 + 2

√
3
) (3.13)

l) Tetrachiral

ρ∗

ρs
=

2

b2

t
aπ + 2

√(
b

2

)2

− a2

−
(
a+

t

2

)2

arccos

(
2a− t

2a+ t

)+

+

√
2

b2
(2a− t)

√
at (3.14)

m) Sparse
ρ∗

ρs
=

bc+ a (b+ c− t)

bc (t+ a)
t (3.15)

3.2.3 Manufacturing of the samples

Most of the cellular solids were designed using SolidWorks software. However, a self-developed
open-source software, named TPMSgen [1], was employed for generating the CAD files of the TPMS
structures, directly from their mathematical expressions:

a) Schoen gyroid
sinx cos y + sin y cos z + sin z cosx = 1 (3.16)

b) Schwarz diamond
cosx cos y cos z + sinx sin y sin z =

1

2
(3.17)

c) Schwarz primitive (pinched)
cosx cos y cos z =

1

2.5
(3.18)

d) Schwarz primitive
cosx cos y cos z =

1

1.5
(3.19)

e) Body diagonals with nodes

2 (cosx cos y + cos y cos z + cos z cosx)− (cos 2x+ cos 2y + cos 2z) = 1 (3.20)

f) Gyroid
sinx cos y + sin y cos z + sin z cosx = 0 (3.21)
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g) Diamond

sinx sin y sin z + sinx cos y cos z + cosx sin y cos z + cosx cos y sin z = 0 (3.22)

h) Lidinoid

sin 2x cos y sin z + sinx sin 2y cos z + cosx sin y sin 2z−

− cos 2x cos 2y − cos 2y cos 2z − cos 2z cos 2x+ 0.3 = 0 (3.23)

i) Split-P

1.1 (sin 2x cos y sin z + sinx sin 2y cos z + cosx sin y sin 2z)−

− 0.2 (cos 2x cos 2y + cos 2y cos 2z + cos 2z cos 2x)−

− 0.4 (cos 2x+ cos 2y + cos 2z) = 0 (3.24)

j) Schwarz
cosx+ cos y + cos z = 0 (3.25)

Samples for conducting the experimental tests were fabricated in a Stratasys Fortus 400mc FFF
professional equipment with Ultem material, following the optimum operating conditions suggested
by the printer manufacturer (see Section 3.1.2). The official Insight slicer software was used for the
generation of the CMB files, which contain the corresponding G-code for printing the specimens. All
samples were built with a slice height of 0.254 mm.

Two-dimensional patterns were fabricated according to the design dimensions specified in Table 3.3
and with a nominal wall-thickness t of one contour (0.508 mm). This fact reduced the required material
for building each cell pattern and its manufacturing time. Meanwhile, the Sparse pattern was directly
created by controlling the intra-layer separation between filaments with the raster-to-raster air gap
parameter on a cubic part design. Specimens were manufactured in the upright orientation to take
advantage of the extruded-like shape of the two-dimensional patterns. Consequently, no support
material was required as geometries can stand by themselves while building, which directly benefits
the manufacturing time and material consumption.

Table 3.3: Dimensions used for the fabrication of two-dimensional patterns.

Pattern Density level a (mm) b (mm) θ (º)

Antitetrachiral
I 1.30 4.00

-II 2.00 7.00
III 2.75 10.00

Continued on next page
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Table 3.3 – continued from previous page

Pattern Density level a (mm) b (mm) θ (º)

Circular
I 1.70

- -II 2.20
III 3.20

Hexachiral
I 1.30 5.20

-II 1.90 7.50
III 2.50 10.00

Hexagon
I 2.35

- -II 2.85
III 3.85

Lozenge Grids
I 1.70

- -II 2.20
III 2.70

Re-Entrant Hexagon I
I 2.35 2.69 60
II 2.85 3.19 60
III 4.35 4.69 60

Re-Entrant Hexagon II
I 3.80 5.80 65
II 4.80 7.30 65
III 5.80 8.30 65

Rotachiral
I 1.25 6.00

-II 1.55 7.50
III 2.05 10.00

Sinusoidal Ligaments
I 3.00 1.00

-II 4.00 1.00
III 6.00 1.00

Square Grids
I 1.80

- -II 2.30
III 3.10

SrCuBO
I 3.50

- -II 5.00
III 7.00

Tetrachiral
I 1.30 5.00

-II 1.50 6.00
III 2.00 8.00

Sparse

I 0.25

- -

II 0.50
III 0.75
IV 1.50
V 3.00
VI 6.00
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To exploit the maximum capabilities of the FFF technology in terms of weight reduction, different infill
configurations were compared when possible in the case of three-dimensional designs. Hence, both
solid and sparse (with a raster-to-raster air gap of 0.25 mm) infill configurations could be employed for
the fabrication of the lattice and Skeletal-TPMS samples, as they present larger cross-sectional areas
that allow the incorporation of intra-layer separations between filaments. However, the constant and
thin thickness of Shell-TPMS patterns precludes this comparison. Therefore, these designs were printed
using solid walls of 2 contours (1.016 mm), as it was the minimum thickness that guaranteed their
proper fabrication, aiming to evaluate the potential of FFF technology to produce structures as light
as possible. In contrast to two-dimensional designs, the intricate geometry of the three-dimensional
patterns included several areas with overhangs that sometimes required the use of PSF as support
material for their construction (see Figure 3.10). Thus, an optimized procedure employing a solvent of
20% v/v aniline in toluene dissolution was used for removing all support structures [202, 203].

Figure 3.10: Appearance of a three-dimensional FFF cellular solid (Dode medium 8-cells) with the required support
structures for its fabrication (left) and after the cleaning treatment with the 20% v/v aniline in toluene solution (right).

3.2.4 Compression testing

The two- and three-dimensional cellular designs were tested in compression on a ZwickRoell Z030
30 kN equipment, following the ASTM C365 standard [207] (see Figure 3.11). A crosshead rate of
3 mm/min was employed, which ensured that failure occurred within 3 to 6 minutes in all cases. The
results for elastic modulus, maximum stress prior to FF, and the corresponding absorbed energy were
reported, considering the specimen’s nominal external dimensions for stress calculations. Experimental
elastic moduli were extracted from test data between 0.1% and 0.3% of compressive strain through
linear regression. The energy absorption efficiency was determined by dividing the area under the
load-displacement curve by the material volume used for the fabrication of each three-dimensional
cellular design.
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Figure 3.11: Experimental setup for conducting the compression tests of the cellular patterns, corresponding to the
Gyroid 8-cells sample.

Two-dimensional patterns were tested in the in-plane x and y-directions, as well as the out-of-plane
z-direction. However, for symmetrical cells such as Antitetrachiral, Lozenge Grids, Rotachiral,
Sinusoidal Ligaments, Square Grids, SrCuBO, Tetrachiral, and Sparse patterns, tests were only
performed in the x and z-directions due to the equivalence of x and y-directions. The nominal
external dimensions were measured on each sample, and the in-plane Poisson’s ratios were determined
using DIC extensometers.

Compression tests on the fabricated three-dimensional cellular solids were only conducted perpendicu-
larly to the printing plane (z-direction). In this case, and due to the difficulties to measure the nominal
external dimensions of the printed specimens, CAD dimensions of 40 × 40 × 40 mm were employed
for effective stress and strain calculations. Again, DIC technology was integrated for the inspection of
full-field displacements during testing.

3.2.5 Numerical approaches

The compression behavior of the tested samples was also validated with different FE models, employing
the two main approaches to simulate cellular solids according to the state of the art: Solid Elements (SE)
and Homogenized - Representative Volume Element (H-RVE). To do so, an implicit analysis employing
the static structural module of Ansys software was conducted for each case to accurately reproduce
the lineal behavior of any design.

The SEmodel is based on the real shape of the specimen. As a result, it allows capturing the deformation
kinematics of the entire structure as well as identifying possible local effects, at the cost of higher mesh
complexity and significantly longer computational times. On the other hand, the H-RVE approach is



3.2. Cellular solids characterization 67

a cost-effective alternative that employs a simplification of the equivalent volume occupied by the
cellular structure and its corresponding effective properties obtained from numerical homogenization.
Therefore, the CAD geometry of the sample was imported in the standard for the exchange of product
model data (STEP) format or a 40 × 40 × 40 mm cubic part was directly created according to the
chosen FE approach. Figure 3.12 depicts an example of each FE model.

z

y

x

a) b) c)

Figure 3.12: SE model developed for the simulation of the two- (left) and three-dimensional (center) cellular solids,
and H-RVE model simplification employing effective properties (right).

According to the desired test axis for conducting the analysis, two parallel rigid bodies were created in
touch with the top and bottom faces of the cellular design, respectively, that behaved as the compression
test plates. All displacements and rotations were blocked to completely fix the bottom plate, while
a 0.1 mm compression displacement was imposed on the upper plate in the corresponding testing
direction.

Higher-order 3D 20-node SOLID186 element type was employed for generating the mesh of both the
compression plates and the part. Concerning the SE models, the two-dimensional cellular designs were
meshed using 30 divisions along the z-direction, whereas the side length of the resulting elements
in the building plane was set to 0.15 mm. On the other hand, a body mesh method with elements of
0.50 mm of side length was implemented in three-dimensional patterns. Meanwhile, the equivalent
cube which was employed for the H-RVE approach was also meshed using a body mesh method with
elements of 1.00 mm.

Regarding the definition of the materials, Structural Steel was selected for modeling the compression
plates, which was directly imported from the Engineering Data library available in Ansys. For the
additively manufactured cores with solid layers, the experimental values obtained from the previous
material characterization tests (Section 3.1) were employed. To do so, the Ultem±45º infill configuration
results [208] were selected for developing three different scenarios considering multiple degrees of
anisotropy for model simplification: orthotropic, quasi-isotropic, and isotropic. The corresponding
Ultem properties are summarized in Table 3.4.
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Table 3.4: Ultem elastic properties and stress limits used in the FE models.

Ultem elastic properties

Property Symbol Orthotropic Quasi-isotropic Isotropic

Young’s modulus x-direction (MPa) Es
x 2092 2121 2123

Young’s modulus y-direction (MPa) Es
y 2150 2121 2123

Young’s modulus z-direction (MPa) Es
z 2126 2126 2123

Poisson’s ratio xy νs
xy 0.344 0.344 0.368

Poisson’s ratio yz νs
yz 0.392 0.392 0.368

Poisson’s ratio xz νs
xz 0.392 0.392 0.368

Shear modulus xy (MPa) Gs
xy 630 630 704

Shear modulus yz (MPa) Gs
yz 745 741 704

Shear modulus xz (MPa) Gs
xz 737 741 704

Ultem stress limits

Property Symbol Orthotropic Quasi-isotropic Isotropic

Tensile x-direction (MPa) σs
T,x 26.50 24.45 24.46

Tensile y-direction (MPa) σs
T,y 22.40 24.45 24.46

Tensile z-direction (MPa) σs
T,z 24.48 24.48 24.46

Compressive x-direction (MPa) σs
C,x -26.50 -24.45 -24.46

Compressive y-direction (MPa) σs
C,y -22.40 -24.45 -24.46

Compressive z-direction (MPa) σs
C,z -24.48 -24.48 -24.46

Shear xy (MPa) τs
xy 25.72 25.72 25.86

Shear yz (MPa) τs
yz 27.37 25.93 25.86

Shear xz (MPa) τs
xz 24.48 25.93 25.86

Based on the above data and the experimental results from the compression tests of the two-dimensional
sparse pattern, Eqs. 3.26 were analytically derived to determine the properties of this infill configuration
that could be implemented in the numerical models.

Esp
x = η2 · Es

x Esp
y = η2 · Es

y Esp
z = η3 · Es

z

νspxy = η1 · νsxy νspyz = η1 · νsyz νspxz = η1 · νsxz

Gsp
xy = η2 ·Gs

xy Gsp
yz = η3 ·Gs

yz Gsp
xz = η3 ·Gs

xz

σsp
T,x = η1 · σs

T,x σsp
T,y = η1 · σs

T,y σsp
T,z = η1 · σs

T,z

σsp
C,x = η1 · σs

C,x σsp
C,y = η1 · σs

C,y σsp
C,z = η1 · σs

C,z

τspxy = η1 · τsxy τspyz = η1 · τsyz τspxz = η1 · τsxz

(3.26)
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where: η1 =
ρ∗

ρs
=

bc+ a (b+ c− t)

bc (t+ a)
t

η2 =
E∗

x

Es
x

=
E∗

y

Es
y

=
2t3

a3 + 3ta2 + 4at2 + 2t3

η3 =
E∗

z

Es
z

=
t2

(a+ t)
2

The type of contact between the compression plates and the part was configured to accurately reproduce
the boundary conditions of the test. To do so, frictional contacts with asymmetric behavior were
introduced. The friction coefficient was set to 0.42. The Augmented Lagrange formulation with a
penetration tolerance of 0.1 mm was activated, permitting ramped effects.

Several authors [209, 210] have demonstrated the role that the bonds appearing between consecutive
FFF rasters play on the elastic asymmetry of the printed parts. Accordingly, the tensile and shear
properties that were introduced in the FE model needed to be corrected to successfully reproduce
the compression behavior. Hence, the Normal Stiffness Factor (FKN) was adjusted in the contacts’
definition in order to consider the elastic asymmetry phenomenon. In particular, FKN factors of 0.215
and 0.050 were calibrated with the experimental elastic moduli results obtained by the Solid ±45º cube
for the in-plane (x and y-directions) and the out-of-plane (z-direction) tests, respectively.

Finally, the reaction force was determined on the bottom compression plate in order to evaluate the
stiffness of each two-dimensional and three-dimensional cellular pattern.

3.2.6 Degree of anisotropy

In the study of cellular solids, it is common to treat the resulting non-homogeneous structure fabricated
with its constituent material (Ultem) as a new metamaterial. In this sense, it is interesting to analyze
the degree of anisotropy of the obtained configuration to confirm its applicability and functionality.
This parameter allows quantifying the uniformity of the mechanical properties of the material in any
direction of the 3D space.

Scientists have compared the different anisotropy indices published to date to provide the most suitable
method for each application to qualify this property in the most robust and reliable possible way [155].
Most of these methods, such as the Zener Ratio (A) and the Universal Anisotropy Index (AU ), focus
on the stiffness tensor of the material and quantify the degree of anisotropy by calculating a ratio
between some of its coefficients.

However, multiple works in the field of AM have noted the significantly high orthotropy of the
processed material in some technologies, such as FFF [184]. Thus, the existing anisotropy indices may
not capture such orthotropy if it is not specifically reflected in the stiffness tensor coefficients that
are strictly used for their calculation, which could alter the comparison of the degree of anisotropy of
cellular solids fabricated by different additive technologies.
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Accordingly, a novel degree of anisotropy index AV was proposed in this thesis to address this issue.
It is based on the ratio between the volumes of the graphical representation Ψ(x, y, z) of the whole
stiffness tensor coefficients, which can be directly computed employing numerical integration methods,
and the corresponding isotropy circumscribed sphere (see Figure 3.13):

AV =

∫∫∫
V
Ψ(x, y, z) dx dy dz

4

3
πmax(f(x, y, z))3

(3.27)

Sphere of
isotropic behavior

Stiffness tensor
representation
Y (x, y, z)

Figure 3.13: Volumetric representation of the RVE stiffness tensor of the Schwarz primitive (pinched) cellular solid,
and the corresponding isotropic circumscribed sphere. The ratio of these two volumes is the AV anisotropy index.

Therefore, theAV index can only handle values from 0 to 1, beingAV = 1 a perfectly isotropic cellular
solid.

The following lines describe the steps to obtain the graphical representation Ψ(x, y, z) of the stiffness
tensor (CH ) of the RVE of a cellular solid, expressed in Voigt notation and referenced to the global
XYZ coordinate system.

First, the generalized Hooke’s law for continuous media can be expressed as:

σ = CH × ε (3.28)

where: σ is the stress tensor referenced to the global XYZ coordinates

ε is the strain tensor referenced to the global XYZ coordinates
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Then, a rotation of CH around the x-axis (α), y-axis (β), and z-axis (γ) can be introduced to evaluate
the stress and strain tensors σαβγ and εαβγ as:

σαβγ = Lσ
αβγ × σ

εαβγ = Lε
αβγ × ε

(3.29)

where: Lσ
αβγ and Lε

αβγ are the bond-stress and strains transformation matrices,
which are determined from the rotation matrixQ and classical rotation matrices

Rx, Ry , and Rz , as detailed in Eq. 3.30

Lσ
αβγ =



Q2
11 Q2

12 Q2
13 2Q12Q13 2Q11Q13 2Q11Q12

Q2
21 Q2

22 Q2
23 2Q22Q23 2Q21Q23 2Q21Q22

Q2
31 Q2

31 Q2
33 2Q31Q33 2Q31Q33 2Q31Q31

Q21Q31 Q22Q31 Q23Q33 Q22Q33 +Q23Q31 Q21Q33 +Q23Q31 Q21Q31 +Q22Q31

Q11Q31 Q12Q31 Q13Q33 Q12Q33 +Q13Q31 Q11Q33 +Q13Q31 Q11Q31 +Q12Q31

Q11Q21 Q12Q22 Q13Q23 Q12Q23 +Q13Q22 Q11Q23 +Q13Q21 Q11Q22 +Q12Q21



Lε
αβγ =



Q2
11 Q2

12 Q2
13 Q12Q13 Q11Q13 Q11Q12

Q2
21 Q2

22 Q2
23 Q22Q23 Q21Q23 Q21Q22

Q2
31 Q2

31 Q2
33 Q31Q33 Q31Q33 Q31Q31

2Q21Q31 2Q22Q31 2Q23Q33 Q22Q33 +Q23Q31 Q21Q33 +Q23Q31 Q21Q31 +Q22Q31

2Q11Q31 2Q12Q31 2Q13Q33 Q12Q33 +Q13Q31 Q11Q33 +Q13Q31 Q11Q31 +Q12Q31

2Q11Q21 2Q12Q22 2Q13Q23 Q12Q23 +Q13Q22 Q11Q23 +Q13Q21 Q11Q22 +Q12Q21



(3.30)

where: Qij corresponds to the element located in row i and column j inQ

Q = Rx ×Ry ×Rz

Rx (α) =

1 0 0

0 cos(α) − sin(α)

0 sin(α) cos(α)

 Ry (β) =

 cos(β) 0 sin(β)

0 1 0

− sin(β) 0 cos(β)



Rz (γ) =

cos(γ) − sin(γ) 0

sin(γ) cos(γ) 0

0 0 1



Substituting Eqs. 3.29 into Eq. 3.28, the following expression Eq. 3.31 is obtained:

σαβγ = Lσ
αβγ ×CH ×Lε

αβγ
−1 × εαβγ (3.31)
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Then, the effective stiffness tensor in a specific orientation (CH
αβγ ) can be determined as:

CH
αβγ = Lσ

αβγ ×CH ×Lε
αβγ

−1 (3.32)

At this point, the corresponding compliance tensor SH
αβγ can be directly calculated by invertingCH

αβγ .
Thus, for example, taking abc the global x-axis reference, the effective elastic modulus Eαβγ is:

Eαβγ =
1

SH
αβγ11

(3.33)

where: SH
αβγ11

is the first term of the effective compliance tensor SH
αβγ

Finally, the graphical representationΨ(x, y, z) of the homogenized stiffness tensor can be plotted with
the sequential computation of different rotation angles α, β, and γ. Each combination will rotate the
tensor and evaluate the effective stiffness in a particular examined direction dαβγ :

dαβγ = Q×

10
0

 (3.34)

Accordingly, given an orientation dαβγ and the corresponding effective elastic modulus Eαβγ , the
coordinates x, y, and z of a point in the graphical representation of the stiffness tensor are obtained as:


x = Eαβγ · dαβγ1
y = Eαβγ · dαβγ2
z = Eαβγ · dαβγ3

(3.35)

where: dαβγ1, dαβγ2, and dαβγ3 are the first, second, and third terms of
the particular examined direction dαβγ

3.3 Sandwich panels characterization

3.3.1 Design of experiments

To conclude this research, the two- and three-dimensional cellular patterns with the highest structural
potential were implemented for the fabrication of lightweight cores for sandwich structures. Specifically,
the effect of the cellular design and density on the flexural performance of hybrid panels, combining
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additively manufactured cellular cores made of Ultem processed by FFF and CFRP skins, was analyzed
following the ASTM C393 standard [211] (see Figure 3.14).

For this purpose, the potential of each cellular design was first numerically simulated considering 14
combinations of core thickness and skins, keeping a constant total thickness of the sandwich panel,
and accounting for 6 different core density levels between 5% to 30% of relative density. Therefore, a
total of 1596 FE models were solved to investigate the structural capabilities of each considered cellular
pattern.

According to the results of the numerical approach, the optimal configurations of each cellular design
were fabricated in order to experimentally validate the mechanical behavior of the hybrid sandwich
structures. In order to test the repeatability of the experiments, two specimens per cellular design and
density were experimentally tested, thus resulting in a total of 86 analyzed specimens.

b
L

cd

t

Sandwich faces
(CFRP)

Cellular core
(Ultem)

Loading fixtures
with pressure pads

Figure 3.14: Arrangement and dimension parameters of a hybrid sandwich panel specimen for 3-point bending
testing according to ASTM C393 standard.

3.3.2 Numerical approach

A FE implicit model was developed to evaluate the bending performance of the cellular hybrid sandwich
structures in Ansys. Regarding the geometrical complexity of the considered core designs, an RVE
approach was employed in order to simplify the generation of the mesh as well as reduce computation
resources.

First, the unit cell of each considered two- and three-dimensional patterns (see Figure 3.15) was
numerically homogenized employing the Ansys Material Designer module. To do so, periodic boundary
conditions were imposed in x, y, and z axes. Hence, the effective orthotropic properties of the RVE of
each cellular design were obtained. On the other hand, the mechanical properties for sandwich faces
(see Table 3.5) were directly obtained from the CFRP material’s technical data sheet provided by its
manufacturer [212].
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Figure 3.15: FFF two- and three-dimensional cellular core designs considered for the consolidation of the hybrid
sandwich panels. Classical core materials were included as reference configurations.

A parametric static structural analysis was developed to assess the role of the additively manufactured
core design and density on the three-point bending performance of hybrid sandwich structures,
considering multiple combinations of core (c) and face (t) thicknesses. In all cases, the total height of
the panel (d) and the bending span (L) were kept fixed at 20.572 mm and 150 mm, respectively.

The FE model was simplified into a quarter of the panel to reduce calculation time and computation
resource consumption. To do so, two frictionless support boundary conditions were defined in order
to designate the xz and yz symmetry planes. SOLID186 element type was employed to generate the
mesh of the whole sandwich panel. In particular, both the core and the skins were each divided into
50, 8, and 8 elements along the x, y, and z-axis, respectively.

Finally, a remote displacement of 1 mm was applied at the center of the top CFRP skin of the sandwich
panel, coinciding with the yz-symmetry plane. Then, the z-axis reaction force that appeared on this
boundary condition was determined to evaluate the stiffness of each sandwich structure.
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Table 3.5: CFRP elastic properties used in the FE model. [212]

CFRP elastic properties

Property Symbol Value

Young’s modulus x-direction (MPa) Ef x 119300
Young’s modulus y-direction (MPa) Ef y 8200
Young’s modulus z-direction (MPa) Ezz 8200
Poisson’s ratio xy νf

s
xy 0.1

Poisson’s ratio yz νf
s
yz 0.34

Poisson’s ratio xz νf
s
xz 0.1

Shear modulus xy (MPa) Gf
s
xy 59059

Shear modulus yz (MPa) Gf
s
yz 3600

Shear modulus xz (MPa) Gf
s
xz 59059

In order to validate the accuracy of the developed FE model, the analytical expression (Eq. 3.36)
proposed by Ashby [3] was employed to evaluate the equivalent flexural modulus (Ẽflex) of sandwich
panels. Accordingly, a perfectly bonded contact was assumed between the sandwich faces and core,
and round bending test supports were employed, with a frictionless contact between them and the
bottom sandwich CFRP face. The Augmented Lagrange formulation was activated with a penetration
tolerance of 1E-5 mm and an FKN value of 0.01, as it is recommended for bending test simulations.

1

Ẽflex

=
1

Ef

[(
1− (1− f)

3
)
+

Ec

Ef
(1− f)

3

] +
B1

B2

(
d

L

)2
(1− f)

12Gc
(3.36)

where: B1 = 48 and B2 = 4 for three-point bending with central load configuration

f = 2t/d is the volume fraction of the nominal cross-section occupied by its faces

Ef is the elastic modulus of the sandwich faces considered isotropic

Ec and Gc are the elastic and shear moduli of the sandwich cores considered isotropic

3.3.3 Manufacturing of the cellular core designs

The optimal configurations of each simulated cellular design were fabricated to experimentally validate
the bending performance of the hybrid sandwich structures. In order to obtain a total height of the
sandwich panels (d) of 20.572 mm, and regarding the dimensions of a standard specimen according to
ASTM C393 [211] and the thickness (t) of the cured CFRP prepreg material selected for fabricating the
CFRP skins (see Section 3.3.4), the resulting core dimensions were 200× 75× 20.5 mm. Cellular cores
were designed, using SolidWorks and TPMSgen software [1], considering three different densities for
each two-dimensional and three-dimensional pattern selected (see Figure 3.15).
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The experimental test specimens were produced using Ultem material in a Stratasys Fortus 400mc
FFF professional equipment, following the recommended operating conditions provided by the
manufacturer (see Section 3.1.2). G-code was automatically generated employing the official Insight
slicer software provided by the printer’s manufacturer. Employing the same printing configuration
that was used in the second stage of this research where the performance of the cellular solids was
addressed, the slice height for fabricating all the core samples was set at 0.254 mm.

Two-dimensional cellular patterns were created with a nominal wall-thickness of just one contour
(0.508 mm) aiming to exploit the possibilities of the FFF technology to fabricate cores as light as possible.
On the other hand, just the Solid ±45º infill configuration was considered this time to fabricate the
three-dimensional cellular designs except for Shell-TPMS designs, which were manufactured with a
constant wall thickness of 2 contours (1.016 mm).

3.3.4 Curing of skins and sandiwch consolidation

Unidirectional MTC510 carbon fiber prepreg (MTC510-UD300-HS-33%RW 24K) was used for the
fabrication of the sandwich panel skins. For this purpose, the coil of the original material was cut
according to the core dimensions set for the study (200 × 75 mm) using an aluminum plate as a
cutting template. In all cases, and according to the results of the numerical approach, the skins
were manufactured using a single layer of fiber. Then, the CFRP prepreg offcuts were placed on a
1000 × 340 mm glass tray in order to be cured in different batches, whose surface was previously
treated with a cleaning agent [213], a sealant [214] and a release agent [215] before each batch.

Up to 18 skins could be placed in each tray at a time. These were covered with a bleed film and
an absorption blanket. The set was placed in a vacuum bag. The back pressure applied to the bag
(−0.90 bar) was achieved with a vacuum pump. Removing the air from inside the bag, it compresses
the skins against the glass to achieve a mirror finish, and against the blanket on the other side.

After verifying that the vacuummethod worked properly, the set was introduced in an OV301 Precision
Benchtop Curing oven. This temperature-controlled equipment was implemented to cure the CFRP
skins, following the curing ramp recommended by the prepreg manufacturer (see Table 3.6 and
Figure 3.16). Once the curing process was completed, the sandwich skins could be easily separated
from the glass surface.

Table 3.6: Sandwich prepreg curing ramp.

Prepreg curing ramp

Start Heating Curing Post-curing Cooling Total

Stage time (min) - 33.3 60 60 40 193.3
Set point (ºC) 20 120 120 120 20 -
Temperature slope (ºC/min) - 3 - - -2.5 -
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Figure 3.16: Graphical representation of the sandwich prepreg curing ramp.

Finally, the assembly of the additively manufactured cellular cores and the CFRP skins was completed
with the consolidation of the sandwich structures. For this, the selected adhesive film MTFA500[216]
was cut according to specimen dimensions, following the same procedure detailed above for the CFRP
prepreg. Then, the assemblies were prepared by placing a sheet of adhesive between each skin and the
cellular core.

With the purpose of consolidating the union between faces and core, the adhesive had to be properly
cured by applying the required pressure (−0.45 bar) and temperature (see Table 3.7 and Figure 3.17)
provided by the manufacturer. Again, the same glass tray was used to cure a total of 18 samples at a
time. In this case, a rectangular polytetrafluoroethylene (PTFE) plate of slightly larger dimensions than
the specimen ones was placed over each of the sandwich panels in order to apply uniform compression
on each sample and, at the same time, prevent the CFRP skins from puncturing the vacuum bag. When
the curing curve was completed, the samples were removed from the oven, and the consolidated hybrid
sandwich structures were obtained.

Table 3.7: Sandwich adhesive curing ramp.

Adhesive curing ramp

Start Heating Curing Post-curing Cooling Total

Stage time (min) - 50 60 60 40 210
Set point (ºC) 20 120 120 120 20 -
Temperature slope (ºC/min) - 2 - - -2.5 -
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Figure 3.17: Graphical representation of the sandwich adhesive curing ramp.

Figure 3.18 depicts a perspective view of a consolidated sample of a sandwich panel with two outer
skins made of CFRP and an additively manufactured cellular lightweight core fabricated using FFF
technology. In this case, the employed core design corresponds to the Schwarz three-dimensional
pattern.

Figure 3.18: Representative sample of a consolidated sandwich panel composed of CFRP skins and an additively
manufactured cellular core, corresponding to the Schwarz three-dimensional pattern.

3.3.5 Three-point bending testing

The bending performance of the optimum sandwich panels was experimentally validated. To do so,
three-point bending tests were conducted using a ZwickRoell Z030 30 kN equipment. According to the
ASTM C393 standard [211] and employing the midspan loading configuration, the distance between
the centerlines of the testing support bars (L) was adjusted to 150 mm. A crosshead rate of 6 mm/min
was employed, which ensured that failure occurred within 3 to 6 minutes in all cases. The deflection
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at the center of the specimen was measured with a laser displacement sensor. The results for elastic
modulus and maximum stress prior to first failure (FF) were reported, considering the specimen’s
nominal external dimensions for stress calculations. Experimental elastic moduli were extracted from
test data between 0.1% and 0.3% of bending strain through linear regression. Furthermore, the ultimate
failure mode was reported for each test according to the standard identification codes presented in
Table 3.8:

Table 3.8: Ultimate failure modes for sandwich panels tested under three-point bending.

Failure identification codes

First character Second character Third character
Failure Type Code Failure Type Code Failure Type Code

Core crushing C At load bar A Core C
Skin to core delamination D Gage G Core-facing bond A
Facing failure F Multiple areas M Bottom facing B
Multi-mode M(xyz) Outside gage O Top facing T
Transverse shear S Various V Both facings F
Explosive X Unknown U Various V
Other O Unknown U

Finally, Figure 3.19 depicts the employed setup for conducting the three-point bending tests of the
hybrid sandwich panels. As can be seen, rubber pads were added between the tooling supports and
the CFRP faces of the specimen to avoid undesired failure modes.

Figure 3.19: Experimental setup for conducting the bending tests of the sandwich structures, corresponding to the
sample with the Diamond three-dimensional core design.
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4
Results and discussion

This chapter includes a general discussion of the main results derived from the research plan that has
been designed and explained throughout the previous pages, regarding the characterization of material
processed by FFF technology, cellular solids and hybrid sandwich structures. The chapter culminates with
a summary and an overview of the most relevant results of the thesis.
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This thesis aims to provide a highly efficient structural solution, based on the advances that the discovery
of sandwich structures has made during the last decades, by exploiting the potential of bio-inspired
cellular solids, whose fabrication is now feasible through the use of advanced AM technologies.

To analyze the developed solution in detail and ensure its functionality, this challenge has been
addressed at three different levels. Firstly, a complete characterization study of the high-performance
material (Ultem) processed by FFF has been carried out, taking into account the impact of the main
printing parameters of this technology on the degree of anisotropy of the manufactured components.
Secondly, the mechanical behavior under compression of thirteen two-dimensional and twenty
three-dimensional cellular designs has been validated analytically, numerically and experimentally.
Finally, the potential of bio-inspired cellular solids as lightweight cores for the fabrication of efficient
hybrid sandwich structures has been demonstrated, while pointing out some limitations of the AM
technology used.

The results of each issue addressed are presented as a separate subsection in the following pages.

4.1 Material characterization

In order to determine the mechanical properties of the material selected for the present investigation
(Ultem) once processed by FFF, a total of three solid and three sparse infill configurations have been
analyzed. Regarding the former, the classic solid ±45º infill was considered, as well as two completely
unidirectional configurations: 0º, with rasters aligned along the x-axis; and 90º, with rasters aligned
along the y-axis. As for the latter, the three air gap levels selected for this research were 0.25 mm,
0.50 mm, and 0.75 mm.

Figure 4.1 demonstrates the impact of implementing the sparse infill configuration on the total
manufacturing time and material volume, estimated by the official slicer Insight software, required for
the fabrication of a cube of side length c. According to the calculated results, the implementation of
the sparse pattern would allow savings of up to 60% in lead time and material costs compared to the
reference solid infill configurations.

However, the fabrication of functional parts, such as the ones to be achieved at the end of the present
thesis, requires comprehending the mechanical performance of the deposited material. Therefore,
knowing the advantages that the sparse infill can bring from a manufacturing standpoint, it is essential
to quantify the impact it has on the mechanical performance of the fabricated parts. In this sense, the
mechanical behavior and structural efficiency of the chosen FFF infill configuration will be conditioned
by the orientation of the printed rasters, the quantity and quality of the existing material bonds, and
the amount of material used.

In order to analyze all these aspects, which directly depend on the printing parameters employed,
standardized Ultem specimens were manufactured and characterized under tensile, bending and
shear stresses, considering the six described solid and sparse infill configurations. Images depicted in
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Figure 4.1: Impact of the raster-to-raster air gap parameter on the manufacturing time (top) and the material volume
(bottom) of a FFF Ultem cube part, depending on its side length.

Figure 4.2, which were obtained from the digital image analysis of the tensile test samples, exemplify
how the resistant cross-section (6 × 4 mm2) of the fabricated specimens is in some cases significantly
reduced with the use of high air gap values. This effect is minor in Flat printed samples, as their
effective cross-section is orientated perpendicularly to the building direction of the sparse structure.

The stress-strain curves shown in Figure 4.3 are representative data extracted from all the experimental
tests conducted (see Table 4.1). Confirming the above, these results are clear evidence of the impact
that both the printing orientation and the infill configuration selected for the fabrication of the samples
have on the elastoplastic properties of Ultem FFF parts.
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a) z-Edge 90o b) z-Edge 0o c) z-Edge ±45o d) z-Edge 0.25 mm e) z-Edge 0.50 mm f) z-Edge 0.75 mm

g) x-Edge 0o h) x-Edge 90o i) x-Edge ±45o j) x-Edge 0.25 mm k) x-Edge 0.50 mm l) x-Edge 0.75 mm

m) x-Flat 0º n) x-Flat 90º o) x-Flat ±45o

p) x-Flat 0.25 mm q) x-Flat 0.50 mm r) x-Flat 0.75 mm

Figure 4.2: Effective cross-sectional area (6 mm × 4 mm) (a-l) and front surface (m-r) of tensile samples employing
solid and sparse infill configurations.

The employed professional FFF printer is equipped with a thermal chamber that aims to reduce the
temperature gradient between the filament being deposited and the built part to strengthen raster bonds,
improve mechanical performance, and reduce orthotropy. However, experimental results presented
in Table 4.1 demonstrate that a certain degree of anisotropy in the elastic properties of the material
exists. To understand the reason for this phenomenon, the deposited material rasters together with the
presence and orientation of filament bonds within each layer (intra-layer) and between adjacent layers
(inter-layer) should be considered. The results of this part of the thesis confirm that the maximum
stiffness can be achieved by depositing the material filaments aligned with the stress direction, as
expected. Moreover, the cohesion of the inter-layer bonds is much weaker than that of the intra-layer
ones, since the elapsed time for the formation of the former is much longer than that of the latter,
causing a greater cooling of the last built layer, which deteriorates the quality of the bond that is
formed (see Figure 4.4).
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Figure 4.3: Representative stress-strain data from the tensile (a-b), flexural (c-d), and shear (e-f ) tests of solid (left)
and sparse (right) infill configurations according to the considered printing orientations.
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Table 4.1: Engineering constants of Ultem processed by FFF regarding the chosen infill configuration.

Engineering
constant

Solid configuration Sparse configuration

Test 0º 90º ±45º 0.25 mm 0.50 mm 0.75 mm

Ex (MPa) 2242 2100 2092 978 969 870
±79 ±160 ±108 ±48 ±119 ±183

Ey (MPa) 2069 2113 2150 (978) (969) (870)
±168 ±74 ±198 (±48) (±119) (±183)

Ez (MPa) 1935 1879 2126 1612 1329 1056
±67 ±133 ±61 ±159 ±65 ±73

νxy
0.351 0.328 0.344 0.436 0.546 0.505
±0.037 ±0.047 ±0.007 ±0.024 ±0.085 ±0.071

Tensile νyx N/A N/A N/A N/A N/A N/A

νxz
0.367 0.387 0.392 0.289 0.388 0.363
±0.042 ±0.053 ±0.002 ±0.044 ±0.087 ±0.017

νzx
0.297 0.083 0.348 N/A N/A N/A±0.008 ±0.083 ±0.029

νyz N/A 0.352 N/A N/A N/A N/A±0.029

νzy N/A N/A N/A 0.281 0.276 0.241
±0.056 ±0.023 ±0.076

Ex−Flat (MPa) 2260 1847 1942 726 487 468
±7 ±16 ±3 ±11 ±4 ±4

Flexural Ex−Edge (MPa) 2360 2112 2299 1809 1788 1548
±10 ±10 ±13 ±143 ±12 ±57

Ez−Edge (MPa) 1950 2073 1979 1809 1512 1554
±49 ±7 ±22 ±22 ±30 ±16

Gxy (MPa) 529 551 630 452 310 N/A±41 ±76 ±81 ±18 ±10

Shear Gxz (MPa) 652 646 737 403 284 266
±47 ±84 ±92 ±35 ±12 ±45

Gyz (MPa) 629 566 745 397 291 260
±29 ±44 ±89 ±38 ±31 ±20

Furthermore, reducing the weight of FFF components by implementing the sparse infill configuration
also leads to a significant decrease in their stiffness, especially when the parts are subjected to tensile
or shear stresses. However, there is a possibility that such configurations may be more efficient
than the solid ones when the achieved mass reduction is considered in each case. To answer this
question, the specific mechanical properties have been determined, by calculating the ratio between the
corresponding value over the mass of each tested specimen. Hence, the following Figures 4.5 and 4.6
depict the specific properties determined with the tensile, flexural, and shear characterization tests of
the Ultem samples, whose average value has been calculated considering each printing orientation
and infill configuration, as well as the associated standard deviation.
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Tem
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Intra-layer bonds

Inter-layer bonds

Figure 4.4: Representation of the temperature state of the deposited filament and the formation of intra- and
inter-layer bonds during the FFF printing process.

On the one hand, the specific results of tensile, flexural and shear moduli prove that the solid
configurations are slightly more efficient than the sparse ones in terms of stiffness since the former
reached higher values in the majority of testing orientations. However, the performance of both
infill configurations is very similar in terms of specific yield stress and maximum strength, being
slightly favorable for the latter. In any case, the specific elongations presented by the sparse infill
configurations are significantly larger, as the elimination of the intra-layer bonds allows greater
movement and stretching of the filament rasters before yielding and failure.

All of the above results are empirical evidence of how the primary printing parameters, which influence
the material deposition paths of FFF, impact the mechanical behavior and anisotropy of the components
produced by this AM technology. Finally, the orthotropic compliance matrix S corresponding to each
of the 6 infill configurations analyzed is provided in Figure 4.7, whose coefficients were calculated
from the engineering constants presented in Table 4.1 as follows:

ε = S · σ
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a)

c)

e)

g)

i)

b)

d)

f)

h)

j)

Figure 4.5: Specific tensile/flexural test results comparison between solid and sparse infill configurations: modulus
(a/b), yield stress (c/d), strain at yield (e/f ), strength (g/h), and strain at strength (i/j).
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Figure 4.6: Specific shear test results comparison between solid and sparse infill configurations: shear modulus (a),
shear yield stress (b), shear strain at yield (c), shear strength (d), and strain at shear strength (e).
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Compliance matrix S in GPa−1

for solid 0º configuration
Compliance matrix S in GPa−1

for sparse 0.25 mm configuration

0.446 −0.156 −0.158 0 0 0
±0.016 ±0.018 ±0.020

0.483 N/A 0 0 0
±0.039

0.517 0 0 0
±0.018

1.589 0 0
±0.073

Sym. 1.534 0
±0.109

1.891
±0.148





1.023 −0.446 −0.305 0 0 0
±0.050 ±0.033 ±0.048

1.023 −0.174 0 0 0
±0.050 ±0.039

0.621 0 0 0
±0.061

2.521 0 0
±0.240

Sym. 2.479 0
±0.214

2.212
±0.089


Compliance matrix S in GPa−1

for solid 90º configuration
Compliance matrix S in GPa−1

for sparse 0.50 mm configuration

0.476 −0.156 −0.196 0 0 0
±0.036 ±0.025 ±0.043

0.473 −0.167 0 0 0
±0.017 ±0.015

0.532 0 0 0
±0.038

1.768 0 0
±0.136

Sym. 1.549 0
±0.203

1.816
±0.251





1.032 −0.582 −0.401 0 0 0
±0.127 ±0.113 ±0.102

1.032 −0.208 0 0 0
±0.127 ±0.020

0.753 0 0 0
±0.037

3.432 0 0
±0.369

Sym. 3.522 0
±0.147

3.224
±0.108


Compliance matrix S in GPa−1

for solid ±45º configuration
Compliance matrix S in GPa−1

for sparse 0.75 mm configuration

0.478 −0.164 −0.175 0 0 0
±0.025 ±0.009 ±0.017

0.465 N/A 0 0 0
±0.043

0.470 0 0 0
±0.013

1.342 0 0
±0.160

Sym. 1.356 0
±0.169

1.587
±0.203





1.149 −0.581 −0.418 0 0 0
±0.242 ±0.147 ±0.090

1.149 −0.228 0 0 0
±0.242 ±0.074

0.947 0 0 0
±0.065

3.845 0 0
±0.299

Sym. 3.764 0
±0.636

N/A


Figure 4.7: Compliance matrices describing the orthotropic elastic behavior of Ultem processed by FFF with solid 0º,

90º, and ±45º and sparse 0.25 mm, 0.50 mm, and 0.75 mm infill configurations.

As will be demonstrated in the following sections, the experimentally determined compliance matrices
with different FFF infill configurations are very valuable, as they can be directly implemented in FE
models that aim to reproduce the orthotropic elastic behavior of Ultem components. Moreover, the
standard methodology used and validated could be replicated to characterize any other polymeric,
metallic or ceramic material processed by any AM technology, and implement the obtained results for
the validation of forthcoming numerical models.
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4.2 Cellular solids characterization

The aim of the second stage of the present investigation was to address the analysis of the mechanical
performance of thirteen two-dimensional and twenty three-dimensional cellular solids fabricated with
the same AM technology, focusing on how it is affected by the geometry, density, and arrangement of
the cells. To this end, different analytical, numerical and experimental approaches were combined to
validate the results presented.

4.2.1 Mechanical performance

Figure 4.8 summarizes the experimental results of elastic moduli, compression strength at FF, and
energy absorption efficiency at FF obtained from the compression tests conducted with the two- and
three-dimensional cellular solids. Specifically, charts a, b and c located in the left column of the panel
depict the correlation between themechanical properties exhibited by each design and its corresponding
relative density. The same experimental values are compared to the amount of time required for the
fabrication of each cellular specimen, whose nominal dimensions were 40× 40× 40 mm, in graphs d,
e and f on the right side of the figure. In each case, the designs belonging to the same cellular typology
and testing direction have been bubble-wrapped in order to facilitate the comprehension and analysis
of the data depicted.

Two-dimensional cellular solids display higher elastic moduli when tested perpendicularly to the
building plane (out-of-plane) than the rest of the evaluated designs at the same values of relative density
and manufacturing time, as expected. However, the in-plane stiffness is significantly compromised by
their morphology. At the same time, the elastic moduli of the three-dimensional cellular solids cover
the range between the above results, which positions them as an intermediate solution independent of
the testing direction thanks to the symmetry in the 3D space that these designs exhibit.

Regarding the resulting dispersion when the experimental values from two-dimensional designs
are plotted against the required manufacturing time, it proves that certain geometries compromise
the feasibility of FFF technology. This aspect is caused by the fact that their cellular designs make
it impossible to deposit the material in continuous trajectories on most occasions, requiring them
to be built cell by cell. Although this phenomenon does not occur during the construction of the
three-dimensional cellular solids, the depicted results show that the Shell-TPMS typologies are the
most optimal to be fabricated by FFF since they did not require the incorporation of support structures,
followed by the Skeletal-TPMS and the lattice.

Finally, the three-dimensional cellular designs considerably outperform the two-dimensional ones in
terms of compression strength and energy absorption efficiency at FF. This aspect is directly related
to the fragility of the latter caused by the large number of intra- and inter-layer bonds with limited
quality that they possess, which can be analyzed in greater detail with the digital microscopy images
presented in Figure 4.9.
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Figure 4.8: Experimental results of the elastic modulus (a, d), compression strength (b, e), and energy absorption
efficiency (c, f ) in terms of relative density and manufacturing time for each cellular solid.
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No. Distance
1 543.314 µm
2 573.498 µm
3 624.877 µm
4 641.412 µm
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Figure 4.9: Microscopic detail of the intra-layer joints of Antitetrachiral (a), Circular (b), Hexachiral (c), Hexagon (d),
Lozenge Grids (e), Re-Entrant Hexagon I (f ), Re-Entrant Hexagon II (g), Rotachiral (h), Sinusoidal Ligaments (i),

Square Grids (j), SrCuBO (k), Tetrachiral (l), Sparse in-plane (m) and out-of-plane (n-o) cellular solids, FFF inter-layer
defects (p), and measurements of the thickness of the deposited rasters (q). The scale bar corresponds to 5 mm.

Images a-m depict the intra-layer bonds of the thirteen two-dimensional designs evaluated. As can be
noticed, and despite using professional FFF equipment, the quality of both the deposited rasters and
the filament bonds depends on the trajectories that were needed for the construction of the patterns. In
cases where circles appear, the extruder head starts by creating the circles and then the bars that link
them (see images a, c, h, and l). Consequently, the seam that occurs when closing each circumference
is hardly noticeable, whereas the finish of the connections of the different cells is significantly worse.

Intra-layer bond imperfections are even more visible in patterns formed by rectilinear trajectories since
they force the extruder head to repeatedly pass over the same point to build the whole pattern while
leading to variousmaterial blobs (see image k). Additionally, the abrupt changes in the nozzle’s direction
or the end of the trajectory cause flaws in the bonding between cells, which directly compromises the
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mechanical performance of the specimen. Conversely, the pattern’s quality is substantially improved
in those cases that benefit from optimized deposition paths, which favor the reduction of the amount
of intra-layer connections as in the case of the Sparse design (see image m).

In addition, when successive in-plane imperfections arise in the same location for contiguous layers,
an inter-layer defect emerges, as depicted in images n-p. This discontinuity has proved to dramatically
impact the mechanical performance of the two-dimensional cellular design when it is tested in any of
the in-plane directions, especially its compression strength and the corresponding energy absorption
efficiency at FF. Finally, the inconsistent thickness of the deposited rasters (see image q) is also an
important point to consider, as it would have a direct impact on the calculation of real stresses in
lightweight samples manufactured with walls as thin as those analyzed.

The graphs in Figure 4.10 allow comparing the experimental results of elastic modulus (top) and
strength (bottom) achieved by the two- and three-dimensional cellular solids tested (see Tables 4.2, 4.3,
and 4.4) with the rest of the materials included in the Ansys GRANTA EduPack database considering
their density. To simplify their analysis, the depicted points have been bubble-wrapped into 5 different
categories according to the cellular typology and test orientation: Two-dimensional (in-plane and
out-of-plane), Shell-TPMS, Skeletal-TPMS, and Lattice. Furthermore, the experimental results obtained
from the mechanical characterization of Ultem specimens processed through FFF with the solid ±45°
infill configuration (100% of relative density) have also been represented in black square dots.

The performance of cellular solids fabricated in Ultem is contained in the range of foams and natural
materials. Focusing on the top chart, both two- and three-dimensional designs display lower elastic
modulus than the solid material reference as expected, attending to the fact that less material is
used. Regarding the wide spectrum of the achieved results, the cellular design directly impacts the
mechanical performance and density of the lightweight structure, as it was intended to demonstrate.
In fact, starting from a solid material, and therefore a single point on the graph, these factors provide
a way to control the mechanical and physical properties to cover a much larger area and suit the
needs of each structural application. In addition, when two- and three-dimensional samples with
similar densities are compared, the latter exhibit stiffnesses that place them between the in-plane and
out-of-plane behaviors of the former. Specifically, while their elastic moduli are similar to the optimal
out-of-plane orientation of two-dimensional cellular solids, their in-plane performance is improved by
up to two orders of magnitude, being Shell-TPMS designs the most efficient patterns.

As can be noticed from the strength results presented in the bottom graph, the compression strength
of three-dimensional designs is significantly higher than the in-plane strength of two-dimensional
cellular solids at resembling values of density. This result can be explained by the fact that the
three-dimensional geometries are mostly stretch-dominated, while the two-dimensional cellular solids
tend to be bending-dominated. Additionally, the manufacturing imperfections that were previously
reported in Figure 4.9 create discontinuities in the cell-wall bonds, which have dramatic consequences
on the performance of two-dimensional cellular solids. In contrast, three-dimensional cell patterns are
less susceptible to these manufacturing defects.
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Figure 4.10: Comparison of the experimental performance of the two- and three-dimensional FFF cellular solids with
materials database adapted from CES EduPack 2019, ANSYS Granta©2020 Granta Design, with permission.



4.2. Cellular solids characterization 97

Table 4.2: Compressive experimental elastic moduli and 1st peak stresses exhibited by each two-dimensional
cellular solid for different levels of relative density.

Cellular design Core relative
density (%)

Elastic modulus (MPa) 1st peak stress (MPa)

Ex Ey Ex σ1st

x σ1st

y

Antitetrachiral
44.58 24±9

Sym.
888±5 8.99±2.44

Sym.25.32 4±0 484±5 0.42±0.00
16.60 2±0 350±2 0.18±0.02

Circular
47.64 348±19 274±38 882±63 18.02±1.07 15.58±0.38
40.18 262±23 209±55 842±42 6.90±1.85 6.86±0.64
34.21 151±3 101±16 624±2 7.79±0.68 7.19±0.61

Hexachiral
38.61 101±3 96±9 716±64 3.86±0.31 3.42±0.25
27.18 36±1 32±0 532±17 1.49±0.07 1.63±0.05
21.81 19±2 14±0 457±34 0.84±0.06 0.76±0.13

Hexagon
25.25 36±2

Sym.
434±3 1.25±0.30

Sym.21.50 23±1 390±7 1.06±0.10
16.44 9±1 320±3 0.35±0.02

Lozenge Grids
32.60 17±2

Sym.
593±10 1.35±0.00

Sym.24.76 9±1 480±12 0.56±0.02
20.90 5±0 394±0 0.37±0.00

Re-Entrant Hexagon I
35.59 107±7 83±7 640±21 3.06±0.03 2.38±0.18
30.02 69±0 56±0 597±23 1.92±0.05 1.66±0.09
20.81 17±1 13±1 423±24 0.64±0.07 0.57±0.02

Re-Entrant Hexagon II
37.17 14±1 81±1 705±0 0.96±0.01 2.26±0.00
29.76 7±0 48±4 559±7 0.70±0.03 1.47±0.04
25.33 5±0 42±1 430±78 0.47±0.06 1.19±0.05

Rotachiral
37.22 33±4

Sym.
672±25 2.02±0.20

Sym.29.26 14±1 547±8 1.12±0.07
23.06 9±1 415±24 0.55±0.04

Sinusoidal Ligaments
46.15 32±6

Sym.
793±11 10.87±0.28

Sym.33.92 29±9 589±7 3.10±0.31
20.05 19±1 416±10 1.13±0.04

Square Grids
36.73 5±1

Sym
665±9 2.71±0.43

Sym.28.72 2±0 515±31 1.49±0.22
20.42 1±0 443±4 0.87±0.08

SrCuBO
39.83 203±13

Sym.
733±37 6.72±1.30

Sym.31.38 145±20 507±5 4.90±0.80
23.68 83±4 437±6 2.06±0.20

Tetrachiral
28.23 38±6

Sym.
577±6 1.80±0.07

Sym.23.34 24±0 458±7 1.06±0.08
17.15 9±0 338±8 0.47±0.02

Sparse

69.13 418±3

Sym.

577±6 17.22±0.00

Sym.

53.02 228±18 548±13 11.68±0.02
42.76 155±2 385±3 7.89±0.09
27.71 46±0 178±1 2.89±0.03
16.93 10±1 43±0 0.79±0.02
10.46 3±0 34±1 0.13±0.01
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Table 4.3: Compressive energy absorption efficiency and Poisson’s ratio exhibited by each two-dimensional
cellular solid for different levels of relative density.

Cellular design Core relative
density (%)

Energy abs. efficiency (J/cm3) Poisson’s ratio

Wx Wy νxy νyx

Antitetrachiral
44.58 1011±394

Sym.
-1.081±0.001

Sym.25.32 129±2 -0.431±0.026
16.60 78±19 -0.785±0.009

Circular
47.64 1011±299 782±29 0.324±0.007 0.298±0.010
40.18 314±240 356±183 0.362±0.009 0.198±0.002
34.21 697±48 501±75 0.465±0.006 0.350±0.011

Hexachiral
38.61 234±35 204±56 -0.068±0.002 -0.188±0.001
27.18 131±5 222±41 -0.130±0.003 -0.219±0.005
21.81 101±18 104±33 -0.531±0.001 -0.320±0.003

Hexagon
25.25 138±100

Sym.
0.823±0.015

Sym.21.50 170±28 0.672±0.002
16.44 45±8 0.757±0.006

Lozenge Grids
32.60 258±28

Sym.
-0.007±0.002

Sym.24.76 168±21 -0.035±0.003
20.90 145±15 -0.021±0.007

Re-Entrant Hexagon I
35.59 194±19 108±25 -0.147±0.013 -0.110±0.003
30.02 144±8 105±2 -0.139±0.004 -0.251±0.010
20.81 76±21 76±3 -0.132±0.016 -0.306±0.006

Re-Entrant Hexagon II
37.17 108±5 144±1 -0.334±0.001 -2.076±0.010
29.76 142±15 140±8 -0.264±0.006 -2.511±0.008
25.33 102±29 126±10 -0.147±0.043 -2.483±0.014

Rotachiral
37.22 250±71

Sym.
-0.080±0.002

Sym.29.26 156±22 -0.020±0.007
23.06 98±14 -0.024±0.003

Sinusoidal Ligaments
46.15 3060±32

Sym.
-0.029±0.019

Sym.33.92 446±77 -0.116±0.040
20.05 201±5 -0.118±0.028

Square Grids
36.73 642±186

Sym
-0.105±0.031

Sym.28.72 431±75 -0.056±0.019
20.42 312±3 -0.028±0.008

SrCuBO
39.83 281±117

Sym.
0.223±0.004

Sym.31.38 369±26 0.200±0.002
23.68 172±2 0.194±0.002

Tetrachiral
28.23 294±3

Sym.
0.102±0.002

Sym.23.34 194±10 0.056±0.003
17.15 147±1 0.039±0.001

Sparse

69.13 727±18

Sym.

0.614±0.067

Sym.

53.02 1425±57 0.151±0.042
42.76 1270±8 0.268±0.030
27.71 1663±50 1.031±0.113
16.93 937±77 0.814±0.077
10.46 75±10 1.327±0.101
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Table 4.4: Compressive experimental elastic moduli, strength at FF, and energy absorption efficiency exhibited
by each three-dimensional cellular solid for different unit cell sizes.

Cellular design Core relative Elastic modulus Compression strength Energy absorption
density (%) (MPa) at FF (MPa) efficiency at FF (J/cm3)

Reinforced Body-centered Cube 27.1 96±12 2.8±0.1 234±34
27.8 124±2 3.5±0.2 305±34

Dode medium 13.2 8±0 0.5±0.0 263±5
13.4 8±0 0.6±0.0 352±5

Dode thick 21.3 45±0 2.4±0.1 554±18
26.3 57±0 2.8±0.0 741±31

G-Structure 9 18.4 73±4 2.7±0.1 337±13
18.2 86±1 3.5±0.2 493±94

G-Structure 10 30.3 152±3 10.0±0.1 3209±55
31.5 188±21 9.4±1.2 1722±598

Octet Truss 30.3 136±1 8.0±0.1 1924±77
30.2 138±4 7.7±0.2 1775±67

Rhombic Dodecahedron 30.7 80±4 4.0±0.3 601±134
31.0 92±2 5.3±0.2 1350±26

Trucated Octa Light 20.9 40±1 1.8±0.0 331±5
25.5 43±1 2.2±0.0 545±103

Neovius Surface 23.7 52±1 2.6±0.2 664±103
23.6 53±1 2.9±0.2 863±28

Schoen Gyroid 20.7 50±2 2.4±0.1 635±143
23.7 58±0 3.4±0.3 873±95

Schwarz Diamond 24.6 33±3 2.0±0.4 496±164
24.6 58±0 4.0±0.0 1243±34

Cylinder Grid 23.4 221±19 18.1±0.0 17764±690
23.6 212±3 10.7±0.1 1887±51

Schwarz Primitive (Pinched) 29.8 293±1 13.3±1.5 8302±1451
29.9 240±12 12.7±0.4 6125±257

Schwarz Primitive 26.8 95±3 6.9±0.3 8710±1477
27.2 101±3 2.5±0.0 339±17

Body Diagonals With Nodes 46.1 211±6 11.0±0.6 1252±182
47.3 216±32 9.9±1.6 914±163

Gyroid 8.0 14±4 0.5±0.1 235±15
16.0 82±2 3.6±0.1 1019±60

Diamond 9.8 61±5 1.7±0.0 429±2
19.4 154±2 6.9±0.1 1927±12

Lidinoid 16.3 52±2 2.0±0.1 511±3
30.9 143±1 7.3±0.1 1733±28

Split-P 11.7 47±3 1.1±0.0 184±5
21.7 105±0 4.0±0.0 908±8

Schwarz 5.8 1±0 0.1±0.0 158±46
11.8 26±0 1.1±0.0 507±28
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4.2.2 Anisotropy degree

Given the differences between the in-plane and out-of-plane behavior of the two-dimensional cellular
designs, the quantification of the degree of anisotropy of the analyzed cellular solids was addressed. For
this purpose, the unit cell of each design was taken as RVE for subsequent numerical homogenization
considering periodic boundary conditions. As a result, their equivalent engineering constants1 were
obtained, which are useful for the calculation of the compliance matrix SH of the cellular solids as
presented above in Eq. 4.1. At this point, the homogenized stiffness tensor CH of each cellular design
was directly determined as the inverse of the homogenized compliance matrix, i.e. CH = SH−1.

Then, the mathematical procedure detailed from Eq. 3.28 in Section 3.2.6 of Chapter 3 in this thesis was
used to rotate the homogenized stiffness tensor of each cellular solid about the three global coordinate
axes in order to obtain its graphical representation. Figure 4.11 shows the resulting graphs for the two-
(top) and three-dimensional (bottom) designs. These graphs allow the visualization of the effective
elastic modulus in each direction of the space that the pattern exhibits. Thus, the more spherical this
representation is, the more isotropic the cellular solid behaves.

Significant differences arise when the shapes of the stiffness tensors’ graphical representations of both
cellular arrangements are compared. The extruded-like geometry of the two-dimensional designs
provides them with a high out-of-plane elastic modulus, while the rigidity in the other in-plane
directions is compromised. On the contrary, the three-dimensional designs provide a more balanced
stiffness in all the orthogonal directions, as can be observed in their graphical representation which is
less direction-dependent on most occasions.

The results presented in Table 4.5 quantify the degree of anisotropy of the different cellular solids
studied employing the novel AV index proposed in this thesis, which is calculated as the ratio between
the volumes of the graphical representation of the stiffness tensor and the corresponding isotropy
circumscribed sphere (see Eq. 3.27 and Figure 3.13 in Section 3.2.6 of Chapter 3). The equivalent values
calculated with the Zener index (A) and the Universal anisotropy index (AU ) are included to facilitate
the comparison of the different approaches [155].

Table 4.5: Degree of anisotropy of the two- and three-dimensional cellular solids.

Pattern
Relative

density (%) AV A AU Pattern
Relative

density (%) AV A AU

Antitetrachiral
44.58 0.034 0.136 6.566

Circular
47.64 0.077 0.104 9.233

25.32 0.023 0.045 24.23 40.18 0.066 0.062 16.938
16.60 0.017 0.028 40.226 34.21 0.052 0.036 31.202

Hexachiral
38.61 0.101 1.015 0.000

Hexagon
25.25 0.106 0.970 0.001

27.18 0.074 1.007 0.000 21.50 0.092 0.974 0.001
21.81 0.060 1.003 0.000 16.44 0.073 0.978 0.001

Continued on next page
1Homogenized engineering constants: tensile moduli (Ex, Ey , and Ez ), Poisson’s ration (νxy , νxz , and νyz ), and shear
moduli (Gxy , Gxz , and Gyz )
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Table 4.5 – continued from previous page

Pattern
Relative

density (%) AV A AU Pattern
Relative

density (%) AV A AU

Lozenge Grids
32.60 0.029 0.255 2.618

Re-Entrant
Hexagon I

35.59 0.074 0.233 3.036
24.76 0.025 0.251 2.679 30.02 0.062 0.158 5.378
20.90 0.022 0.250 2.709 20.81 0.046 0.069 15.147

Re-Entrant
Hexagon II

37.17 0.039 0.051 21.093
Rotachiral

37.22 0.053 0.954 0.003
29.76 0.032 0.028 39.763 29.26 0.045 0.999 0.000
25.33 0.030 0.019 60.789 23.06 0.037 1.000 0.000

Sinusoidal
Ligaments

46.15 0.041 0.110 8.668
Square Grids

36.73 0.015 0.066 15.912
33.92 0.045 0.070 14.812 28.72 0.013 0.066 15.927
20.05 0.045 0.034 32.455 20.42 0.010 0.066 15.989

SrCuBO
39.83 0.153 0.583 0.359

Tetrachiral
28.23 0.069 0.644 0.237

31.38 0.124 0.363 1.340 23.34 0.057 0.547 0.450
23.68 0.106 0.209 3.590 17.15 0.043 0.541 0.469

Reinforced Body-
centered Cube

27.11 0.611 0.709 0.144
Dode medium

13.16 0.494 2.656 1.239
27.83 0.610 0.709 0.143 13.44 0.491 2.597 1.179

Dode thick
25.51 0.523 2.294 0.876

G-Structure 9
23.35 0.365 0.124 7.415

26.29 0.521 2.347 0.927 23.62 0.385 0.126 7.285

G-Structure 10
30.33 0.827 1.207 0.042

Octet Truss
30.32 0.632 1.641 0.301

31.52 0.829 1.204 0.041 30.16 0.631 1.633 0.294

Rhombic
Dodecahedron

30.65 0.548 2.070 0.664 Truncated
Octa Light

21.25 0.523 2.411 0.991
31.05 0.547 2.101 0.693 20.94 0.524 2.419 0.998

Neovius Surface
23.75 0.606 1.653 0.310

Schoen Gyroid
20.68 0.585 1.812 0.437

23.63 0.605 1.639 0.299 23.69 0.508 1.791 0.419

Schwarz Diamond
24.63 0.519 2.327 0.908

Cylinder Grid
26.77 0.360 0.181 4.443

24.57 0.520 2.313 0.894 27.16 0.360 0.182 4.413

Schwarz Primitive
(Pinched)

29.81 0.392 0.290 2.091 Schwarz
Primitive

18.38 0.365 0.184 4.351
29.93 0.391 0.289 2.103 18.22 0.364 0.184 4.351

Body Diagonals
With Nodes

46.13 0.590 1.843 0.463
Gyroid

8.01 0.950 1.051 0.003
47.26 0.589 1.852 0.470 15.99 0.911 1.087 0.008

Diamond
9.75 0.508 0.590 0.342

Lidinoid
16.29 0.820 1.220 0.047

19.45 0.570 0.682 0.178 30.88 0.876 1.141 0.021

Split-P
11.74 0.966 1.030 0.001

Schwarz
5.79 0.473 3.271 1.892

21.66 0.997 0.999 0.000 11.78 0.503 2.611 1.193

As can be seen, the use of the new AV index makes it possible to compare the anisotropy of the
cellular designs more easily than the other alternatives thanks to its limited range between 0 and 1.
Furthermore, when analyzing in greater detail the anisotropy of certain two-dimensional designs,
such as the Hexachiral, Hexagon or Rotachiral patterns, the values calculated by employing the
Zener index (A) and the Universal anisotropy index (AU ) indicate almost perfect isotropy, while
both the corresponding stiffness tensor representation depicted in Figure 4.11 and the numerical and
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experimental results of this research verify the anisotropic behavior of these cellular designs, thus
proving the inaccuracy of these methods for the case of study.

Three-dimensional cellular solids

Reinforced Body-centered Cube

G-Structure 10

Neovius Surface

Schwarz Primitive (Pinched)

Dode Medium Dode Thick G-Structure 9

Octet Truss Rhombic Dodecahedron Truncated Octa Light

Schoen Gyroid Schwarz Diamond Cylinder Grid

Schwarz Primitive Body Diagonals With Nodes Gyroid

10.4 MPa 603.5 MPa

Diamond Lidinoid Split-P Schwarz

Two-dimensional cellular solids

Antitetrachiral

Lozenge Grids

Sinusoidal Ligaments

Circular Hexachiral Hexagon

Square Grids

Re-Entrant Hexagon I Re-Entrant Hexagon II Rotachiral

SrCuBO Tetrachiral

10.4 MPa 603.5 MPa

Figure 4.11: Homogenized stiffness tensor graphical representation for each of the studied two- (top) and
three-dimensional (bottom) cellular solids.
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The charts presented in Figure 4.12 relate the specific experimental results of elastic modulus (top) and
compressive strength at FF (bottom) of the different cellular solids with their corresponding degree
of anisotropy, which was calculated with the novel volume-based anisotropy index A presented in
this thesis. Regarding both graphs, three-dimensional designs present a much more homogeneous
behavior in 3D space than the two-dimensional ones, being the Shell-TPMS the most efficient cellular
structure in that sense.

AV

AV

𝐸−1/2

𝐴!

𝐸−1/3

𝐴!

𝐸
𝐴!

𝐸−1/3

𝐴!

𝐸
𝐴!

𝐸−1/2

𝐴!

Figure 4.12: Representation of the experimental results of specific elastic modulus and compression strength of each
two- and three-dimensional cellular design against the corresponding degree of anisotropy calculated with the novel

AV index proposed in this thesis.
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4.2.3 Numerical approach

In parallel, the compressive behavior of the tested cellular solids was modeled using two FE numerical
approaches: SE and H-RVE. This comparison aims to verify the potential of both alternatives for the
simulation of cellular structures, taking into account aspects such as the accuracy of the results and
the consumption of computational resources.

The main differences between the considered numerical approaches are due to the complexity of
the CAD model and the material properties employed for the simulation. The SE method directly
implements the exact geometry of the part whose performance is to be simulated and the mechanical
properties of the material used for its manufacture. Meanwhile, the H-RVE model is developed using
an enveloping body according to the maximum dimensions of the original geometry and introducing
its effective mechanical properties, which can be obtained from the numerical homogenization of an
RVE of the cellular structure as presented above.

Three possible levels of anisotropy were considered to ease the definition of the SE model material,
based on the results from the experimental tests of standardized Ultem specimens processed by FFF
that were previously presented in this chapter: orthotropic, quasi-isotropic, and isotropic (see Table 3.4
in Section 3.2.5 of Chapter 3). In addition, the numerical results were compared with the obtained
experimental values using different wall-thicknesses (0.508 mm, 0.577 mm, and 0.60 mm), accounting
for the imperfections that occur during the fabrication of two-dimensional cellular solids by this AM
technology (see Figure 4.9).

The boxplots presented in Figure 4.13 show the deviation between numerical and experimental results.
As can be seen by comparing the size of the boxes, simplifying the mechanical behavior of the material
by considering a fully isotopic approach leads to a considerable loss of accuracy. On the other hand,
the differences between the quasi-isotopic and orthotropic models were minimal. Therefore, the
quasi-isotropic approach was selected for the numerical simulation of all the cellular solids, employing
a wall-thickness of 0.577 mm for the case of two-dimensional designs as it was the configuration that
showed the highest accuracy overall.

Figures 4.14 and 4.15 depict some representative results obtained from the simulation of the compressive
mechanical behavior of two-dimensional and three-dimensional cellular solids, respectively, employing
the SE numerical approach. The images in the left column of the first one show a comparison between
the simulated deformed shape and the recorded images using DIC technology of the Antitetrachiral
and Square Grids patterns at different strain stages. Both sequences correspond samples of density
level III (see Table 3.4 in Section 3.2.5 of Chapter 3) tested along the x-direction. The employed
colormap corresponds to the Von Mises stress results. This qualitative comparison shows a kinematic
correspondence between the numerical and experimental results, with a marked auxetic behavior of
both patterns.

Furthermore, the cross-section of each analyzed two-dimensional design is shown on the right side of
Figure 4.15, colored with Von Misses stress before FF or any internal contact was detected. As can
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Figure 4.13: Boxplot diagrams depicting the deviation of the elastic moduli between the SE numerical model results
and the experimental data for different material models and cell wall-thicknesses.

be seen, the deformed shape of most patterns is bending-dominated. It can also be noticed that some
cellular geometries exhibit the maximum stress values at the connection points between unit cells.
This fact verifies the experimental results, which revealed that failure occurs mainly in these areas
due to bond weaknesses and other reported manufacturing issues. Therefore, this evidence highlights
the importance of reducing FFF defects in intra-layer filament bonds to prevent premature failure,
especially in two-dimensional designs. Hence, the importance of optimizing the printing toolpaths to
make them more continuous is justified, as it would reduce the amount of intra-layer bonds.

Additionally, Figure 4.15 compares the numerical and experimental data of ten representative
three-dimensional cellular solids tested under compression load. The images in the 1st and 4th

rows correspond to the experimental displacement field calculated through DIC analysis for a 1 mm
compression displacement (2.5% of strain). The deficiencies observed in the displacement field are due
to limitations in recognizing the stochastic pattern sprayed on the surface of the samples, particularly
on regions that are not visible to one of the DIC cameras (see Gyroid and Diamond specimens). The
2nd and 5th rows are the analogous numerical displacement fields, while the images in 3rd and 6th ones
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a) Antitetrachiral b) Circulara) Antitetrachiral
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Figure 4.14: Comparison of the experimental and SE numerical deformed shape sequences of the Antitetrachiral and
Square Grids patterns (left). Cross-section view of each two-dimensional design before FF or any internal contact was

detected (right). Colormap stands for Von Mises stress.
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Figure 4.15: Numerical SE model results and experimental data of ten representative three-dimensional cellular solids
tested under compression load. The first and fourth rows correspond to the experimental displacement field obtained
through DIC analysis. The second and fifth rows are the analogous numerical displacement fields, while the third and

sixth rows display the numerical Von Mises stress before FF occurred.
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display the numerical Von Mises stress before FF. In general, the elastic moduli numerical results agree
with experimental values, both indicated below each image, thus validating the SE numerical model.
Furthermore, Von Mises stresses show different trends between three-dimensional cellular typologies,
particularly on Shell-TPMS designs (see Gyroid and Diamond specimens). Overall, the identified areas
of stress concentration match the experimental failure regions of the cellular solids. Note that walls
in Shell-TPMS designs are not self-intersecting surfaces, hence avoiding joints and discontinuities in
filament deposition. This fact favors the stress distribution and improves the mechanical performance
of the cellular structure, thus confirming the experimental evidence.

However, the geometrical complexity that characterizes cellular solids, complicates the generation
of the mesh that has to implement a large number of very small elements to completely adapt to the
surface of the sample, especially in the case of three-dimensional designs. For this reason, and despite
the quality and accuracy of the results calculated with the SE numerical model, the potential of this
approach for simulating larger cellular structures may be limited by the computational resources it
requires.

At this point, a much more computationally efficient alternative can be the implementation of the
H-RVE model. The simplicity of this numerical approach makes it remarkably robust for the simulation
of cellular solids regardless of their geometrical complexity, density, and cell dimensions while reducing
the meshing process complexity considerably. However, its implementation is only suitable for uniform
periodic geometries, as the effective RVE properties are supposed to be constant throughout the volume
of the part. Moreover, the H-RVE approach requires computing more steps since a homogenization of
the unit cell has to be performed before addressing the simulation of the whole design. In addition,
this numerical analysis tends to be less accurate than the SE method because neither edge effects nor
stress concentrations are considered due to the simplification of the model.

For all these reasons, the accuracy of both numerical methods is presented in Figure 4.16, where the
values of the estimated elastic moduli of each cellular solid are compared with the experimentally
determined ones. A regression line is fitted to each numerical approach, and the coefficient R2

is provided to quantify the degree of correlation. As can be seen, both numerical models tend to
underpredict the stiffness of the cellular structure, but the best fit corresponds to the SE model, even
though the H-RVE model led to huge computational time savings.

Finally, in order to validate and compare both numerical approaches, the bending performance of a
two-dimensional pattern (Hexachiral) and a three-dimensional Shell-TPMS design (Diamond) were
experimentally and numerically evaluated under a centered 3-point bending load case. The obtained
results are presented in Figure 4.17, which were evaluated when FF occurred. Total displacement and
Von Mises stresses were numerically calculated employing the SE and the H-RVE models. In addition,
the experimental stiffness of each pattern is included together with the values calculated using both
FE methods for comparison. Lastly, other FE model details including the computational time and size
are provided.
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Figure 4.16: Accuracy of the SE and H-RVE numerical models in contrast to experimental data.

The numerical stiffness values agree with the experimental results from both types of cellular solids.
The higher divergence is observed in the H-RVE approach, which is attributed to the simplification of
the homogenized model. Furthermore, the displacement results from the Hexachiral pattern analysis
are satisfactory. However, the bending-torsion coupling effect observed in the Diamond pattern is
not identified by the H-RVE approach (note the slightly different stress field on the surrounding area
of supports). Similarly, as displayed on the Von Mises stress plots, the stress concentrators are not
captured in the homogenized model. Therefore, only effective stress values can be determined if
this approach is implemented (note the difference between the maximum Von Mises stresses results
obtained with the H-RVE and SE methods). Nevertheless, despite these points, the agreement of all
the numerical results confirms the capability of both approaches to reproduce the elastic behavior of
cellular solids with adequate confidence.
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Hexachiral
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Time to solve: 2 h 0 min
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Figure 4.17: Validation results of SE and H-RVE numerical models for reproducing the flexural behavior of the
two-dimensional Hexachical pattern (left) and the three-dimensional Diamond cellular design (right).

4.3 Sandwich panels characterization

After completing the first and second phases of this research, the third and final stage consisted of the
study of the performance of hybrid sandwich structures employing two- and three-dimensional cellular
cores manufactured by FFF. Specifically, the analysis focused on determining the flexural mechanical
behavior of sandwich panels under a 3-point bending load case, combining analytical, numerical and
experimental methodologies to verify the obtained results.

Figure 4.18 depicts a comparison of the simulated flexural moduli results with the values obtained
from the analytical expression Eq. 3.36 presented by Ashby [3] for a solid continuous Ultem core
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processed by FFF with the ±45º infill configuration. To do so, a parametric FE model was adjusted to
adequately predict the bending performance of sandwich panels employing different values of skin and
core thicknesses and implementing the H-RVE model that was previously developed for simulating the
flexural behavior of the cellular cores (see Figure 4.17). The obtained curves show excellent agreement
between the analytical and simulated bending stiffness values for 14 different sandwich arrangements
which are indicated by the corresponding f value, starting from an isolated core and finishing with a
full CFRP panel while keeping a constant total height of the panel d = 20.572 mm. Therefore, these
results verify the computational capability of the developed numerical model to simulate the multiple
FFF cellular core designs considered, employing their RVE homogenized properties.

Full Core
f = 0.000

Full CFRP
f = 1.000

0.028
0.056

0.083

0.139
0.195

0.278

0.389

0.584
0.473

0.667
0.751

0.862

B1 / B2 = 12
d = 20.572 mm
L = 150 mm

Figure 4.18: Accuracy of the FE model developed to simulate the flexural modulus of hybrid sandwich panels. The
values of the volume fraction of the nominal cross-section occupied by its faces (f ) are included for each considered

sandwich arrangement.

Then, the flexural performance of the nineteen selected cellular cores was addressed, employing the
calibrated FE model. The results are depicted in Figure 4.19, where the simulated flexural moduli
of the considered cellular designs are analyzed for different relative densities. As can be seen, the
flexural stiffness of the three-dimensional designs (right) is significantly higher than that exhibited by
the two-dimensional patterns (left) for the same range of relative density. These differences become
more evident at very low-density values, where the former can exhibit stiffness up to three orders of
magnitude superior to the latter. Furthermore, the trends presented by the three-dimensional designs
confirm that the Shell-TPMS patterns (Gyroid, Diamond, Split-P, and Schwarz) are more efficient
than the Skeletal-TPMS ones (Neovius Surface, Schoen Gyroid, and Schwarz Diamond), as previously
observed in core compression tests.
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2D 3D

Figure 4.19: Flexural moduli results of two- (left) and three-dimensional (right) cellular core designs at different
values of relative density obtained by FE numerical simulation.

Following the same procedure, the bending stiffnesses of multiple hybrid sandwich structures
combining the inspected cellular core designs were simulated, considering in each case a total of
twelve sandwich arrangements keeping the same total height of the panel. Figures 4.20 and 4.21
depict the numerical results of the flexural moduli of the hybrid sandwich panels employing two- and
three-dimensional cellular cores, respectively. In all cases, the simulated arrangements are indicated
by the corresponding f value and the flexural modulus of the CFRP Prepreg material is also included
(f = 1.000).

The presented results demonstrate the importance of the cellular design employed as a lightweight
core in the flexural performance of hybrid sandwich structures. In particular, the two-dimensional
Circular, Hexachiral, Hexagon, Re-Entrant Hexagon II, and Sinusoidal Ligaments designs, as well as
the three-dimensional Shell-TPMS designs, seem to be the most efficient in terms of stiffness and
weight. Meanwhile, some cellular cores, such as Skeletal-TPMS or some two-dimensional designs,
appear to compromise the stiffness of the assembly to a greater extent when very low-density patterns
are used. In addition, the sandwich arrangement composed of CFRP skins made of a 0.286 mm single
ply (f = 0.028) proves to be optimal in all cases.
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Figure 4.20: Numerically simulated flexural moduli of hybrid sandwich panels with two-dimensional FFF cellular
cores considering multiple sandwich arrangements and core densities.
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Figure 4.21: Numerically simulated flexural moduli of hybrid sandwich panels with three-dimensional FFF cellular
cores considering multiple sandwich arrangements and core densities.
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Furthermore, the experimental results of flexural moduli of the most optimal configurations of each two-
and three-dimensional cellular core design are overlapped with the simulated trends in Figures 4.20 and
4.21, respectively. In particular, the single CFRP ply per sandwich skin arrangement was selected for the
experimental validation tests, considering 3 different core density levels in each case. Depicted results
confirm the accuracy of the developed FEmodel for the simulation of the bending performance of hybrid
sandwich structures using different typologies of cellular solids as core material and unidirectional
CFRP skins.

Finally, all the experimental flexural moduli and strength values, which are detailed in Table 4.6,
are compared with the rest of the materials included in the Ansys GRANTA EduPack database in
Figure 4.22. In addition, the values corresponding to reference cores2 have been included.

The use of hybrid sandwich structures allows covering a very interesting area in both charts of
Figure 4.22. As can be seen, the cellular cores manufactured by FFF improve the performance of
foam-core sandwich structures, but their mechanical properties are slightly lower than the values
obtained using the reference Aluminum and Nomex® honeycomb materials. This fact is due to the
manufacturing methods used for the fabrication of the latter, which can obtain patterns with very thin
walls compared to the employed AM technology. Therefore, commercial honeycombs have density
values up to an order of magnitude lower than the printed cellular solids (see Figure 4.10).

All things considered, the results of this research demonstrate that there are more efficient cell designs
than the hexagonal pattern used in commercial alternatives. Therefore, the advancement of existing
AM technologies and the development of new methods to reduce the minimum wall width would help
to increase the efficiency of sandwich structures using cellular cores.

Table 4.6: Results obtained from the experimental tests of hybrid sandwich panels under 3-point bending loads.

Core design
Core rel.
density (%)

Ẽflex

(MPa)
σ̃flex

(MPa)
Failure
code Core design

Core rel.
density (%)

Ẽflex

(MPa)
σ̃flex

(MPa)
Failure
code

Antitetrachiral

28.75
2235 16.9

DAC

Circular

28.73
3233 25.5

FAT
±6 ±3.1 ±140 ±0.4

22.99
1894 13.7

DAC 18.10
2526 17.8

FAT
±10 ±2.6 ±0 ±1.1

18.39
1541 12.5

DAC 9.14
1112 8.3

FAT
±11 ±1.8 ±67 ±0.2

Hexachiral

28.50
2841 31.9

FAT

Hexagon

32.42
3207 24.3

DAC
±145 ±0.5 ±79 ±7.2

24.45
2540 23.1

FAT 18.94
2308 15.1

DAC
±117 ±0.5 ±58 ±2.7

21.71
1875 15.1

FAT 9.37
1211 10.3

DAC
±140 ±3.0 ±5 ±0.6

Continued on next page

2Considered reference cores: Aluminium honeycombs, Nomex® honeycomb, and foam (see Figure 3.15 in Section 3.3.2 of
Chapter 3).



116 4. Results and discussion

Table 4.6 – continued from previous page

Core design
Core rel.
density (%)

Ẽflex

(MPa)
σ̃flex

(MPa)
Failure
code Core design

Core rel.
density (%)

Ẽflex

(MPa)
σ̃flex

(MPa)
Failure
code

Lozenge Grids

33.16
2511 21.5

FAT

Re-Entrant
Hexagon I

32.74
2748 21.9

DAA
±251 ±4.4 ±45 ±1.2

22.56
1922 20.6

FAT 18.39
2013 22.5

DAC
±191 ±5.4 ±21 ±0.4

13.49
808 8.2

DAC 9.46
825 9.6

DAC
±17 ±3.1 ±7 ±1.0

Re-Entrant
Hexagon II

30.14
3407 30.4

FAT

Rotachiral

29.31
2610 34.3

FAT
±126 ±22.9 ±155 ±0.1

20.29
2682 23.2

FAT 25.05
2225 21.0

DAC
±79 ±5.1 ±134 ±13.7

9.64
1323 9.6

DAA 20.79
1862 16.5

DAC
±14 ±0.3 ±98 ±8.4

Sinusoidal
Ligaments

33.35
3003 20.4

FAT

Square Grids

33.90
2177 17.7

DAA
±421 ±9.3 ±10 ±0.3

28.84
2755 18.9

FAT 28.92
1969 19.7

FAT
±73 ±1.8 ±79 ±0.2

22.56
2380 25.8

DAC 20.56
1679 14.0

DAC
±168 ±13.2 ±82 ±0.0

Tetrachiral

30.56
2804 30.1

FAT

Sparse

30.19
1066 23.8

FAT
±89 ±2.9 ±12 ±0.1

20.51
2148 19.8

FAT 21.26
563 13.0

SAC
±71 ±2.1 ±11 ±0.8

9.68
1057 11.0

FAT 12.54
166 3.8

SAC
±12 ±1.1 ±2 ±1.1

Gyroid 15.56
1266 11.1

FAT Diamond 19.30
1564 15.6

FAT
±5 ±0.6 ±15 ±0.3

Split-P 18.05
1242 15.0

FAT Scwharz 11.84
1045 6.8

DAA
±4 ±1.1 ±6 ±0.2

Neovius
Surface

23.52
1389 10.8

FAT Schoen Gyroid 23.64
1302 9.0

DAA
±14 ±0.3 ±18 ±2.2

Schwarz Diamond 24.39
1468 10.9

DAA
±7 ±3.6

PU250 Foam 20.55
1475 14.9

FAT
Nomex®

honeycomb
4.40

5320 24.8
CAC

±171 ±0.8 ±17 ±1.6

Aluminum
honeycomb

6.46
13097 40.5

CAC
±132 ±2.3

2.19
5549 9.4

CAC
±3 ±0.8

4.4 Summary and outlook

In summary, the feasibility of hybrid sandwich structures fabricated with CFRP skins and additively
manufactured lightweight cellular cores produced by FFF has been addressed by combining different
analytical, experimental, and numerical approaches at three levels of detail: material, cellular core
design, and sandwich structure.
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Figure 4.22: Comparison of the experimental performance of hybrid sandwich panels composed of two- and
three-dimensional FFF cellular cores with materials database adapted from CES EduPack 2019, ANSYS Granta©2020

Granta Design, with permission.
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First, the characterization of Ultem processed by FFF revealed the orthotropy of the produced
components inherent to the layer-by-layer fabrication process. In addition, the use of porous infills,
such as the Sparse pattern, significantly reduces fabrication time while favoring material savings, and
its impact on the mechanical performance of the printed pars has been quantified.

Secondly, the analysis of the wide range of two- and three-dimensional cellular solids considered in this
work has confirmed the advantages of three-dimensional Shell-TPMS designs over Skeletal-TPMS and
two-dimensional patterns from the standpoint of fabrication and structural efficiency. In particular, their
morphology can be fabricated by FFF without requiring additional support structures and employing
continuous deposition paths, which favors the reduction of intra-layer and inter-layer joints, thus
improving the strength of the cellular structure. In addition, the periodicity and homogeneity of
Shell-TPMS samples in the 3D space provide them with a much higher degree of isotropy than the rest
of the designs analyzed, which has been quantified with the new AV Anisotropy index based on the
volume of the graphical representation of the unit cell’s stiffness tensor, proposed in this thesis.

Finally, the results obtained by implementing the studied cellular solids as cores in hybrid sandwich
panels verified the potential of these designs to manufacture lightweight, functional, and very efficient
structures. The findings of this research confirm that patterns of higher geometrical complexity than
the hexagon, such as Shell-TPMS designs, whose manufacturing is unfeasible by other fabrication
methods, offer better performance for the same density. Moreover, forthcoming developments in
the FFF technology, as well as the use of other AM methods, could allow the fabrication of two- and
three-dimensional cellular cores with thinner walls and improved quality, which could be a decisive
advantage to differentiate them from the reference core materials.
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5
Conclusions and future work

This chapter summarizes the most relevant insights of the present research, focused on the analysis of
hybrid sandwich structures combining CFRP skins and additively manufactured lightweight cellular cores.
After presenting the overall conclusions, the main contributions of this investigation are also summarized.
Additionally, recommendations on how this study could be further expanded are provided, based on the
implications of the obtained results.





5.1. General conclusions 121

5.1 General conclusions

The objective of this thesis was to assess the design and fabrication of cellular solids for lightweight
hybrid sandwich structures using FFF technology. To do so, the constituent material properties, cellular
design performance, and flexural behavior of the composite assembly were analyzed to establish a
robust framework for the creation of high-performance structures for multiple engineering applications.
Based on the results analyzed so far, the following conclusions can be drawn:

• An accurate control of FFF printing parameters, such as part orientation, raster angle, and
raster-to-raster air gap, allows tailoring the mechanical properties and the degree of anisotropy
of the manufactured components to the requirements of each application. In addition, they allow
optimizing the weight of the manufactured parts in order to achieve more efficient structures.
The obtained tensile and flexural moduli results ranged between 1935 and 2360 MPa for all solid
configurations, being specimens manufactured with an orientation perpendicular to the printing
plane the less rigid ones. Major differences were noticed in both the stress and strain values at
yield (17-90 MPa, 1.1-6.7%) and break (20-122 MPa, 2.0-10.3%), where the mechanical properties
of the flexural specimens were up to three times higher than the ones achieved by the tensile
samples. Thus, according to the wide range of recorded values, appropriate control of all the
evaluated design parameters would allow the fabrication of functional end parts with improved
mechanical performance.

• Deposition paths, as well as both the intra-layer and the inter-layer filament bonds, directly
impact the stiffness, strength, and type of failure of the printed parts. In particular, the obtained
results confirm that the rigidity along the direction of the extruded filament is greater than the
one of the intra-layer unions between contiguous rasters, while the stiffness of the inter-layer
cohesion of adjacent layers is the lowest one. This phenomenon is due to the temperature
gradient between the deposited filament and the last layer built that occurs. In this sense, the use
of a thermal chamber during the whole manufacturing process helps to reduce the temperature
difference produced by the cooling of the part, which strengthens material unions, improves
mechanical performance, and decreases anisotropy.

• The introduction of a raster-to-raster air gap in the infill configuration leads to an up to 60%
reduction of the manufacturing costs associated with material use and printing time, while the
specific mechanical properties are comparable to those achieved with the solid configurations or
even superior, particularly in the strain range.

• Overall, the calculated compliance matrices verify the inherent orthotropy of components
produced by FFF technology and are valuable for the validation of forthcoming numerical
models addressing different infill configurations.

• The outcomes of this investigation provide comprehensive research on the FFF technology’s
possibilities to achieve a wide spectrum of specific stiffnesses and strengths starting from the
intrinsic properties of a single solid material, depending on the selected cellular geometry and
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size. Hence, an accurate adjustment of the unit cell shape can lead to structures of metamaterials
with equivalent densities but with very contrasting mechanical performances.

• In particular, the results obtained from the study of additively manufactured cellular solids
verify that three-dimensional designs have a slight advantage over two-dimensional ones in
terms of manufacturability, mechanical performance and structural efficiency. The extruded-like
geometry of two-dimensional designs makes it impossible to fabricate them using continuous FFF
deposition paths, which significantly increases the printing time. In addition, digital microscopic
analysis revealed different manufacturing defects and highlighted the importance of optimizing
printing trajectories.

• Intra-layer defects tend to occur mostly in certain types of these designs depending on their
shape, either due to imperfections between cell connections or due to excessive deposition of
material at filament’s intersection points. Further, inter-layer defects are caused by inappropriate
wall connectivity, which dramatically impacts the pattern’s mechanical behavior when it is
evaluated in the in-plane directions. Meanwhile, the smooth curvature of Shell-TPMS designs
avoids the use of support structures during manufacturing, requiring less than half the fabrication
time of the other three-dimensional cellular solids.

• The elasticmodulus, compression strength, and energy absorption efficiency of three-dimensional
designs are superior to that exhibited by two-dimensional patterns in the in-plane cell’s
orientation for equivalent relative densities. In particular, Shell-TPMS designs stood as the
most efficient cellular solids, followed by the Skeletal-TPMS and lattice configurations. However,
the highest stiffnesses were registered in the out-of-plane tests of two-dimensional patterns,
whose values can now be calculated employing the parametric equations developed in this thesis
prior to manufacturing.

• Two validated strategies for simulating the elastic behavior of cellular solids have also been
presented, comparing their accuracy and computational requirements. In short, the H-RVE
approach has computational advantages (uses 90% less time) but does not allow the simulation
of local effects on the cell walls. In contrast, the SE model can reproduce the elastic behavior
satisfactorily, including those local effects, but at a higher computational cost. In particular,
this second approach successfully identified the stress concentration regions of the lattice and
Skeletal-TPMS designs where the experimental failure occurred. In addition, the obtained
results proved that the morphology of Shell-TPMS designs favors a more homogeneous stress
distribution, which improves the mechanical performance of the cellular structure.

• A novel anisotropy index AV based on the graphical representation of the homogenized
stiffness tensor was proposed. It allows the comparison of the degree of anisotropy of the
cellular solids more robustly, regarding important aspects such as the inherent anisotropy of
the FFF manufacturing process. To this end, the expected higher degree of isotropy that the
three-dimensional designs exhibit thanks to their geometric homogeneity in the 3D space in
comparison to the two-dimensional patterns was verified and successfully quantified.
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• The results achieved when implementing the cellular solids as lightweight cores in hybrid
sandwich panels together with CFRP skins confirm the importance of the design and density
in the flexural performance of the structure. In particular, the two-dimensional Circular,
Hexachiral, Hexagon, Re-Entrant Hexagon II, and Sinusoidal Ligaments designs, as well as
the three-dimensional Shell-TPMS morphologies, are the most efficient in terms of stiffness and
weight. However, Skeletal-TPMS designs and the rest of the two-dimensional patterns seem to
compromise the stiffness of the assembly to a greater extent when reducing core density. In
all cases, the optimum manufacturing of the sandwich panels according to the employed test
conditions is to set the fraction of the nominal cross-section occupied by its faces f at 0.028.

• The mechanical behavior of the analyzed structures confirms the potential of cellular designs of
high geometric complexity for the fabrication of more efficient lightweight components, taking
advantage of the latest advances in AM technologies such as the one used in this research.
However, the current state of development of FFF still presents certain technical shortcomings,
such as the minimum thickness of the deposited filament and maximum printing speed. Thus,
these aspects now limit the feasibility of manufacturing lighter cellular solids, which could stand
out from the reference core materials.

• The provided numerical approach for simulating the bending performance of hybrid sandwich
panels using different typologies of cellular solids as core material and CFRP skins is a powerful
tool to further contribute to the development of efficient structures while waiting for the
appropriate level of technological maturity.

5.2 Research contributions

The results achieved during this thesis contribute to the following scientific findings:

• A comprehensive study of the anisotropy of Ultem processed by FFF under different loading
states and considering six different infill configurations has been provided.

• A wide range of two- and three-dimensional cellular designs have been analyzed using the same
material, printing technology and testing methodology, in order to evaluate their efficiency and
manufacturing feasibility while investigating how the mechanical behavior is affected by the
geometry, density, and arrangement of the cells.

• A set of verified mathematical equations have been provided to predict the density and stiffness
of two-dimensional cellular solids according to their parametric dimensions and the mechanical
properties of the material to be used for their fabrication.

• Different numerical models have been validated to simulate both the compression and the
flexural behavior of the isolated cellular designs, as well as the flexural response of hybrid
sandwich structures combining cellular cores with CFRP skins, contrasting their accuracy and
the corresponding computational cost.
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• An open-source software called TPMSgen has been developed and released. It is specific for
the parametrical design of three-dimensional cellular structures and was employed for the
generation of some of the samples tested in this research.

• A large number of experimental evidence have been provided to verify the analytical and
numerical results obtained from this research, which are useful to further contribute to the
development of new lightweight structures taking advantage of the disruptive capabilities of
AM technologies.

• The structural feasibility of implementing two- and three-dimensional cellular solids produced
using FFF technology as core materials in composite sandwich structures together with CFRP
skins has been verified, thus validating the potential of these advanced designs for fabricating
more efficient structures.

5.3 Future research perspectives

Based on the aforementioned conclusions, future studies could focus on:

• To evaluate the mechanical capabilities of the different two-dimensional and three-dimensional
cellular designs under dynamic stresses, such as fatigue and impact tests. These conditions could
enhance the structural potential of those patterns that exhibit an auxetic behavior, which was
especially identified in some of the two-dimensional designs considered in this research.

• Optimizing material deposition paths to reduce the presence of defects in filament bonds, which
could result to be very interesting to enhance the structural capabilities of two-dimensional
designs, especially in the in-plane directions. Furthermore, the development of smaller diameter
FFF extruders that guarantee a correct material flow would allow the fabrication of much lighter
cellular solids at a very low cost, and reach the levels of density of reference core materials.

• Studying the feasibility of implementing FFF equipment with more than one extrusion head for
single-stage fabrication of hybrid sandwich structures, using continuous carbon fiber extruders.
This advanced manufacturing process could increase the strength of the composite panels by
achieving a better adhesion between the core and the skins as well as significantly reduce
production costs, making better use of materials and resources and avoiding waste generation.

• Exploring new bio-inspired lightweight designs, contemplating the use of other materials and
different AM technologies. Among other aspects, it would be interesting to compare the behavior
of periodic cells, such as those of the present research, with cores of heterogeneous density, or
even consider the possibility of implementing topological optimization procedures. In addition,
making the leap to other materials, such as metals, would allow starting from significantly
superior mechanical properties, thus obtaining sandwich panels with very different performances
from the ones achieved.
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• Investigating and optimizing material recovery and recycling processes to make them suitable to
treat the developed hybrid sandwich panels, aiming to be prepared to treat the waste generated
when these structures reach their end of life and lose their structural functionality.
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• The role of infill parameters and print-
ing direction on the strength and elastic
properties of PEI samples is investi-
gated.

• Experimental data allows quantifying
the impact on the stiffness, resilience,
maximum stress, and type of failure.

• The temperature chamber strengthens
inter-layer unions improving mechani-
cal performance and diminishes the
orthotropy.

• Three-dimensional compliance matri-
ces for six different solid and sparse con-
figurations are provided and discussed.
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In comparison with conventional manufacturing technologies, Fused Filament Fabrication (FFF) offers countless
benefits. It broadens the horizons of the design of structural components with high geometrical complexity, and
lighter elements can be obtained by optimizing the infill of the part. The infill density stands as a manufacturing
parameter that plays a significant part in weight reduction purposes. This fact provides FFF with an outstanding
competitive advantage as compared to the rest of the additivemanufacturing technologies. This work aims to in-
vestigate the role of infill parameters on the mechanical performance and weight reduction of ULTEMTM 9085
samples processed by FFF, under tensile, flexural, and shear loading conditions in six different orientations
with several solid and sparse configurations. Regarding the effect of the part orientation and the infill settings,
the experimental results permit to draw conclusions on stiffness, resilience, maximum stress, and type of failure
of the printed parts. Three-dimensional compliance matrices for each infill configuration are provided. The anal-
ysis of the results correlates the infill configuration with themechanical performance considering the intra-layer
and inter-layer unions. Finally, this research provides experimental evidence to contribute to the definition of
novel design-for-manufacturing strategies for obtaining functional structural elements by FFF.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

A new age of digital manufacturing has transformed the way things
are produced. Under the name of Industry 4.0 revolution, numerous

developments are occurring at the same time in multiple fields. Additive
Manufacturing (AM) is at the forefront of these transformations. In the
last decade, this continually evolving technology has widened the hori-
zons of the fabrication possibilities. This fact has led to a complete change
of the way how parts are designed and produced in a wide range of sec-
tors, including automotive, energy, aerospace, and biomedical [1].
Among the many techniques encompassed by AM [2,3], Fused Filament
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Fabrication (FFF) rises above the others. This technology, also commer-
cially known as Fused Deposition Modelling (FDM), excels mainly due
to its versatility, since it is suitable for working with a wide range of ma-
terials. The evolution of FFF has positioned it as a potential candidate for
the industrial sector as it allows to construct componentswith a high geo-
metrical complexity that can be produced neither at low costs nor in a
short time with conventional manufacturing technologies.

In this 3D printing technology, a thermoplastic filament is deposited
in thin layers by an extrusion head thatmoves according to the building
toolpaths. Thematerial is heated a few degrees above its glass transition
temperature, which causes an almost instantaneous solidificationwhen
it comes into contact with the last manufactured layer. The new layer is
adhered to the adjacent one, while the volume of the whole part gets
constructed. The main setting parameters are sample orientation,
layer thickness, raster angle, and raster-to-raster air gap.

One remarkable feature of the FFF is its feasibility to fabricate lighter
structures by optimizing the infill of the part. The infill density stands as
amanufacturingparameter that plays a significant role in the strategy to
reduceweight, which provides FFFwith an outstanding competitive ad-
vantage as compared to the rest of AM technologies [4]. This fact, to-
gether with the development of high-performance polymeric
materials with remarkable specific strength and stiffness, allows the
obtention of functional structural elements. As an illustrative example,
Fig. 1 depicts the role of the air gap parameter on the manufacturing
time and requiredmaterial volume for the production of cubes of differ-
ent sizes. Data of time to manufacture in minutes and material volume
in cubic centimeters is added in text boxes to notice the remarkable dif-
ferences between curves when a short side length is evaluated. Each
curve corresponds to a different air gap setting, as indicated in the
legend.

Accordingly, the study of the mechanical performance of structures
with a low infill density is of great interest to the AM community. Pub-
lished contributions have been mostly focused on the mechanical anal-
ysis of the inherent anisotropy induced by the technique in solid
configurations [5–7]. For instance, extensive studies of the behavior of
acrylonitrile butadiene styrene (ABS) FFF parts under tensile, flexural,
and compression states were conducted [8,9], as well as in fatigue con-
ditions [10]. These results awakened the interest towards a numerical
approach of the processed material [11]. Polylactic acid (PLA) was also
investigated with the same purpose [12–14], and the influences of
building parameters on the fatigue life were also evaluated [15]. The
same analyseswere attemptedwith polycarbonate (PC) [16], whose re-
sults provided a stiffness matrix that described the performance of this
material depending on themanufacturing parameters [17]. Other inves-
tigations with the same material deepened in its fracture behavior
[18,19] and the creep effect [20]. Simultaneously, other authors offered
a numerical approach of its performance in fatigue conditions [21].

Among the range of thermoplastic materials analyzed in recent
years, ULTEMTM 9085 (PEI Ultem) [22–24] soars above the rest. This
high-performance polyetherimide (PEI) offers outstanding properties
for multiple industrial purposes. It features a remarkable strength-to-
weight ratio and impact strength with excellent heat resistance, as
well as flame-retardant capacity, and promising flame-smoke-toxicity
(FST) characteristics. For all these reasons, PEI Ultembecomes especially
outstanding for applications in the transport and aerospace sectors
[25,26]. Thanks to applications like these, the interest in PEI Ultem
keeps growing, but many areas of study are still needed to be explored.
For example, its tensile behavior has been documented [27–30], as well
as its response to flexural and compression tests [31–33], and its fatigue
strength comparedwith other thermoplastics [34]. The consequences of
moisture absorption in the PEI Ultem filament before printing [35] and
its impact resistance [36] have also been investigated. Meanwhile, the
chemical similarities between PEI Ultem and its support material pose
particular challenges for the elimination of the second one. For this rea-
son, other authors focused their work on developing a novel solvent
support-removal methodology [37].

However, to the knowledge of the authors, the benefits associated
with the influence of the rasters separation in terms of weight decrease,
reduction of material consumption, and production time are yet not
fully understood. Further, the optimization of mechanical performance
by just modifying the infill configuration can be crucial to bringing
this technology to the forefront of industrial manufacturing.

Accordingly, the purpose of this work is to investigate the role that
the infill parameters play in themechanical performance andweight re-
duction of PEI Ultem processed by FFF under multiple load conditions.
This study aims to provide experimental evidence to contribute further
to the definition of novel design-for-manufacturing strategies with an
in-deep analysis of accurate data related to the performance of PEI
Ultem. Thus, the mechanical behavior of this material is evaluated re-
garding the benefits of structural weight reduction, material savings,
and shorter time to manufacture.

2. Methodology

2.1. Design of experiments

Tensile, flexural, and shear loading tests were conducted to identify
the role that the FFF building parameters play on mechanical perfor-
mance and weight reduction. The building parameters chosen for this
study were sample orientation, raster angle, and raster-to-raster air
gap. These parameters were used for changing the internal design of
the parts. The intra-layer orientation of the filaments was set with the
raster angle value. The air gap refers to the separation between two
parallel rasters. Thus, the manufactured parts can be grouped into two
main configurations: solid (air gap = 0 mm) and sparse (air gap N

0 mm). The design of experiments is shown in Table 1, and the
manufactured part orientations are represented in Fig. 2.

In order to identify the effect of the direction of the deposited fila-
ments on the mechanical performance of solid specimens, three

c

c

c

Fig. 1. Impact of the raster-to-raster air gap on the time to manufacture (top) and the
material volume (bottom) of a PEI Ultem solid cube part, depending on its side length.
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different interior raster angles were studied: 0∘, 90∘, and ±45∘. It should
be noted that not all the raster angle values may be convenient for the
use of sparse for structural applications as some valuesmay cause issues
between intra-layer raster connections. Unidirectional sparse configu-
rations dramatically reduce the consistency of these low-density parts
in some particular testing directions. Therefore, only the raster angle
of±45∘was considered suitable formanufacturingwith any sparse con-
figuration. Regarding the dimensions of the ASTM specimens, the con-
sidered air gap values were 0.25 mm, 0.50 mm, and 0.75 mm.

Each solid and sparse configurationwas characterized in all three car-
tesian orientations (X, Y, and Z), as shown in Fig. 2. Due to the shape of the
ASTM specimens, infill toolpaths depend on the arrangement of the part
on the building bed (Flat or Edge). Thus, the possible anisotropic proper-
ties of thematerial have to be evaluated for every raster angle, particularly
when a unidirectional configuration is used (0∘ or 90∘).

Tensile testswere carried along theX, Y, and Z axes to verify any pos-
sible degree of isotropy in every solid configuration, and particularly the
expected orthotropy in the ±45∘ ones. Preliminary results demon-
strated that equivalent specimens were obtained if samples are rotated
90∘ around the Z-axis of the printing bed. Therefore, the orientations X-
Flat, X-Edge, and Z-Edgewere considered enough for the complete eval-
uation of the tensile mechanical performance of the sparse samples.

Flexural tests were conducted in all configurations to study the dif-
ferences between intra-layer and inter-layer bending properties. To
this end, and considering the stated equivalence of samples, specimens
weremanufactured and evaluated just in X-Flat, X-Edge, and Z-Edge di-
rections for both solid and sparse configurations.

Additionally, a full factorial design of experimentswasperformed for
the shear tests. On this account, identical part orientations were tested
in both solid and sparse configurations.

To test the repeatability of all experiments, a minimum of three
specimens per infill configuration were tested for each orientation, as
detailed in Fig. 2. This led to a total amount of 277 tested specimens.1

2.2. Manufacturing of samples

A Coordinate Machine Binary file (CMB) was generated for each
sample using the Insight software from Stratasys. These files include
all the necessary information for manufacturing the samples according
to the proposed design of experiments. The slice height value was set
to 0.254mm.All the sampleswere built with one external contour to ac-
centuate the impact of the infill configuration on themechanical perfor-
mance. The seam control options were modified in order to remove the
joint of the contour from the gauge section and the transition radius re-
gion. Both contour and part rasterwidthswere established at 0.508mm.
In all cases, theminimization of the transitionmoves was activated, and
appropriate infill trajectories were achieved by adjusting the raster
angle parameter. The parallel offset part rasters feature was applied
for the preparation of the solid samples that needed an infill of 0∘ or

90∘. This avoids having a continuous defect along the height of the
part when a unidirectional raster angle is selected. Different sparse con-
figurations were generated by adding distance between filaments with
the raster-to-raster air gap value.

Samples were fabricated using a Stratasys Fortus 400mc FDM equip-
ment. This printer is equipped with a temperature chamber that en-
sures a controlled temperature during the entire manufacturing
process. This controlled environment is crucial as it significantly en-
hances the inter-layer cohesion between adjacent building layers. Re-
garding the supplier indications, the optimum working conditions for
postprocessing PEI Ultem require an oven temperature of 195∘C. The ex-
trusion temperature for themodelmaterial (PEI Ultem) is 380∘C, and for
the support material (PSF polysulfone) is 421∘C. Once the samples were
printed, support structureswere removed, and themass and the dimen-
sions of each sample were measured before testing.

2.3. Mechanical testing

Differences in the real effective cross-sectional area and in the front
surface of the tensile samples are shown in Fig. 3. The schematic 3D rep-
resentations depicted in Fig. 4 show the impact that the infill configura-
tion has on both the size and the location of the internal gaps. However,
for the sake of simplicity, the nominal sectionmeasurements were used
for the stress calculations.

2.3.1. Experimental setup
Tensile, flexural, and shear tests were performed using ZwickRoell

Z030 equipment. A 3D Digital Image Correlation (DIC) setup was inte-
grated for the investigation of full-field deformation in tensile and
shear tests. Two Allied Vision GigE MAKO G-507B cameras with APO-
Xenoplan 1.4/23–0903 lens were used for recording the displacements
on the surface of the samples. Specimens were previously sprayed
with a black and white stochastic pattern. The system was calibrated
with a GOM Correlate CP20/MV55x44 panel. The video sequences
were treated with GOM Correlate Professional software to analyze the
full-field deformation of the samples.

2.3.2. Tensile testing
Tensile tests were conducted following the ASTM D638 standard

[38] (see Fig. 2). Specimen type IV was chosen with a thickness of
4 mm. The yield point was determined with an offset method of 0.1%
strain. Two perpendicular DIC extensometers placed in the center of
the gauge section of each specimen were used for the calculation of
the Poisson's coefficients within the elastic region. Results of tensile
modulus, yield stress, yield strain, tensile strength, and strain at tensile
strength were reported.

2.3.3. Flexural testing
Three-point bending tests were conducted following the ASTM

D790 standard [39] (see Fig. 2). The thickness of the specimens was
set to 4mm. The geometry of samples was definedwith 64mmsupport
span, 10 mm width, and 127 mm length, in agreement with the test

1 Tensile testing: 115 samples (70 solid and 45 sparse). Flexural testing: 54 samples (27
solid and 27 sparse). Shear testing: 108 samples (54 solid and 54 sparse).

Table 1
Set of samples' orientations for each infill tested configuration.

ASTM test standard
Solid configuration Sparse configuration

Air gap Raster angle Part orientation Air gap Raster angle Part orientation

D638 [38] 0.00 mm
0∘

90∘

±45∘

X-Flat/Edge
Y-Flat/Edge
Z-Flat/Edge

0.25 mm
0.50 mm
0.75 mm

±45∘
X-Flat/Edge

Z-Edge

D790 [39] 0.00 mm
0∘

90∘

±45∘

X-Flat/Edge
Z-Edge

0.25 mm
0.50 mm
0.75 mm

±45∘
X-Flat/Edge

Z-Edge

D5379 [40] 0.00 mm
0∘

90∘

±45∘

X-Flat/Edge
Y-Flat/Edge
Z-Flat/Edge

0.25 mm
0.50 mm
0.75 mm

±45∘
X-Flat/Edge
Y-Flat/Edge
Z-Flat/Edge
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standard. Under these conditions, the rate of crosshead displacement
resulted in 1.71mm/min. The yield pointwas determinedwith an offset
method of 0.1% strain. Although ASTM D790 suggests ending the test
when a 5% of strain is reached, all the samples were tested until failure
occurred. Flexural modulus, yield stress, yield strain, flexural strength,
and strain at flexural strength results were reported.

2.3.4. Shear testing
ASTM D5379 test standard [40] (see Figs. 2 and 5) was followed for

shear testing. The thickness of the specimenswas set to 4mm.With the
used samples, no twisting effect was observed during the test. There-
fore, the use of additional tabswas unnecessary. DIC equipment allowed
the measurement of the shear strain at the center of the specimen. Al-
though the test standard recommends stopping the test when a 5% of
strain is reached, the shear tests were conducted until failure occurred.
The yield point was estimated using the offset method with a strain of
0.2%. Shear modulus, yield point data, shear strength, and strain at
shear strength values were reported.

3. Results and discussion

3.1. Tensile testing

Fig. 6 shows representative data from the tensile tests conducted
with the configurations previously described (see Fig. 2). Apparent
differences in stress and strain values can be observed between sam-
ples. However, some samples present brittle fracture while others
show a larger plastic region. It should be noted that, in the case of
sparse configurations, the stress axis has been scaled for the reader's
convenience.

Fig. 7 shows the results of tensile testing. The charts in the left col-
umn collect the results of the following tensile properties: tensile
modulus, yield stress, strain at yield stress, and maximum stress
and its corresponding strain. On the one hand, it was observed that
the toolpaths in the gauge region have minor differences if the
arrangement is Flat (6 × 4 mm) or Edge (4 × 6 mm). Thus, the
mean value and the corresponding standard deviation of the results
were calculated for every test orientation (X, Y, and Z) regardless of
the fabrication arrangement (Flat or Edge). On the other hand, the
charts in the right side of the figure show mass-normalized values
of the properties mentioned above. These average values have been

calculated by dividing the obtained test results of each specimen
over its corresponding mass.

Focusing on the left column graphs, all solid configurations achieve
similar results regardless of the orientation of the rasters, especially in
the elastic region (charts a, c, and e). These results indicate the existence
of an orthotropic behavior that does not become as outstanding as it
was initially expected. This fact can be attributed to the strength of the ex-
istent joints between coplanar filaments (intra-layer unions) and be-
tween adjacent layers (inter-layer unions). The used 3D printer ensures
that the temperature in the building chamber is tightly controlled during
the entire manufacturing process to enhance this phenomenon. This re-
duces the thermal shock that takes place when the extruded filament is
deposited and enters in contact with the last built layer to improve the
quality of the final parts.

Nonetheless, the maximum strength of the specimens in the Z test
orientation is markedly inferior to that achieved in the X and Y direc-
tions (51.2, 44.3% of reduction for 0∘; 39.0, 44.7% for 90∘; and 36.8,
39.1% for ±45∘ in X, Y directions, respectively). Furthermore, specimens
oriented along the X or Y axes show a plastic fracture caused by the
elongation of the deposited filaments. The fracture in the Z direction
tests leads to the separation of two contiguous layers in manufacturing,
which happens abruptly, resulting in a brittle type of failure. Thus, ob-
tained results state the lower resistance of the joints between layers in
comparison to that of the filament itself. This fact confirms a remarkable
degree of orthotropy when the strength of the processed material is
evaluated.

The results also verify that a 90∘ rotation of the parts around the Z-axis
when manufacturing has insignificant effects on the mechanical proper-
ties. This equivalence of samples could initially be expected by analyzing
the toolpaths generated in the CMB file. Furthermore, the noticeable sim-
ilaritieswhile comparing the experimental results obtained in theX0∘-Y90∘,
X90∘-Y0∘, and X±45∘-Y±45∘ configurations evidence this hypothesis. These
results confirm the reproducibility of the professional printer for
manufacturing parts with the same toolpaths regardless of their rotation
around the Z-axis on the building bed. The application of this assumption
of equivalence of samples made it possible to remove the Y orientations
from the design of experiments of the tests to perform with the sparse
configurations.

Tests on sparse samples conclude that similar results are seen in
the X orientation regardless of the degree of densification used.
However, this air gap parameter appears to have a more evident
impact when the material is evaluated in the Z orientation. This

Fig. 2.Building orientations of all themanufactured test samples. ASTMD638 [38]: X-Flat (A), X-Edge (B), Y-Flat (C), Y-Edge (D), Z-Flat (E), Z-Edge (F); ASTMD790 [39]: X-Flat (G), X-Edge
(H), Z-Edge (I); ASTM D5379 [40]: X-Flat (J), X-Edge (K), Y-Flat (L), Y-Edge (M), Z-Flat (N), Z-Edge (O).
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observation can be explained by the significant reduction in the re-
sistant cross-section with the modification of the air gap design pa-
rameter, which directly affects the mechanical performance of the
specimens. The effect is minor in Flat samples because the effective
cross-section is perpendicular to the building direction of the sparse
structure (see Figs. 3 and 4).

Nevertheless, the results of the specific mechanical properties
(charts in the right column) demonstrate a much more evident effect
of the use of the sparse configurations.When themass of the specimens
is taken into account, the reduction of material in the effective cross-
section of the sample is somehowquantified. On some occasions, sparse
configurations show similar or even better specific mechanical proper-
ties to those of the equivalent ±45∘ solid family (commonly predefined

for manufacturing). This fact can be seen in the specific deformation
values achieved in the elastic and plastic zones.

3.2. Flexural testing

Fig. 8 depicts representative curves of solid (top) and sparse (bot-
tom) configurations from the flexural tests. As before, the stress-strain
curves differ in stiffness, maximum load, andmaterial failure depending
on the internal construction of the samples and the direction of testing.
The shaded area of the graphs corresponds to the 5% strain threshold in-
dicated in the ASTMD790 standard [39]. The nomenclature used on the
labels refers to the manufacturing orientations detailed in Fig. 2.

Fig. 3. Effective cross-sectional area (6 mm × 4 mm) (sub-figures a-l) and front surface (sub-figures m-r) of tensile samples in solid and sparse configurations (see Table 1).
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Fig. 9 shows the results of the followingflexural properties (charts in
the left column):flexuralmodulus, yield stress, strain at yield stress, and
maximumstress and its corresponding strain. In graphs e and i, the 5% of
strain threshold is indicated. Applying again the assumption of equiva-
lence of samples stated in tensile tests, the results from flexural tests
were determined for X-Flat, X-Edge, and Z-Edge orientations exclu-
sively. The charts shown in the right column of the figure correspond
to the equivalent specific values of each of the properties to ease data

interpretation. These values were calculated by normalizing according
to the mass of each sample.

When flexural test results are compared with the data from the ten-
sile tests, an inferior degree of isotropy is observed when the load is
below the elastic limit. Minor differences are observed on the flexural
moduli (X-Flat, X-Edge, and Z-Edge) of all solid samples (2260, 2360,
1950 MPa for 0∘; 1847, 2112, 2073 MPa for 90∘; and 1942, 2299,
1979 MPa for ±45∘). However, noticeable deviations appear between

Fig. 4. Representation of the cross-sectional area of samples in X-Flat 0∘ (a), X-Flat 90∘ (b),
and X-Flat ±45∘ (c) solid configurations, and X-Flat 0.25 mm (d), X-Flat 0.50 mm (e), and
X-Flat 0.75 mm (f) sparse configurations (see Table 1).

Fig. 5. Experimental setup for ASTM D5379 shear test standard with Digital Image
Correlation equipment.

Fig. 6. Representative stress-strain data from the tensile test results of solid (top) and
sparse (bottom) configurations with the different orientations of rasters and infill
densities (see Fig. 2).
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the X-Flat andX-Edge test orientationswhen the yield point (charts c and
e) and the maximum load (charts g and i) are analyzed. The highest and
lowest values for stress and strain can be observed for 0∘ and 90∘

configurations, respectively. This occurs because the 90∘ configuration
samples have intra-layerfilaments parallel to the stress plane. In contrast,
the 0∘ configuration specimens have the infill rasters perpendicular to the

Fig. 7. Tensile test results comparision between solid and sparse configurations: tensile modulus (a), specific tensile modulus (b), tensile yield stress (c), specific tensile yield stress (d),
tensile strain at yield (e), specific tensile strain at yield (f), tensile strength (g), specific tensile strength (h), strain at tensile strength (i), and specific strain at tensile strength (j).
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stress plane. Hence, the results indicate that both the resilience and the
bending tenacity of solid samples are lower when the intra-layer unions
support the stress. As an example, charts c and e in Fig. 9 show that the
resilience of the samples is lower when the raster angle is set to 90∘,
and it increases when this parameter is set to ±45∘. The maximum resil-
ience is achievedwhen the orientation of thefilaments coincideswith the
direction of the tensioned fiber (raster angle of 0∘).

The sparse infill configuration shows a markedly different behavior
between the X-Flat samples, and the X-Edge and Z-Edge specimens. Al-

though thenominal secondmoment of inertia (I ¼ b� h3

12
) of all sections

is equivalent,2 the effective cross-sections are significantly different (see
Figs. 3 and 4) depending on the testing orientation. Moreover, the layer
contours in the outside of the specimen act as a reinforcement skin in
the direction of the outer fiber in both X-Edge and Z-Edge orientations.
Nevertheless, the X-Flat samples do not have any skin on the outer ten-
sioned layer, so their stiffness is directly equivalent to that of the sparse
core. This observation explains the noticeable differences between the
values presented in chart a of Fig. 9.

When comparingmass-normalized values, the sparse configurations
X-Edge and Z-Edge directions resemble average values achieved by the
solid typologies. But the main variations occur in the X-Flat orientation.
In this case, the specific mechanical performance of the sparse samples
is notably close to the results stated by the solid ones, particularly for the
yield point and peak strength values. Additionally, their specific defor-
mation values at these points are above those of the solid families, and
there is a three-fold increase in the X-Flat direction samples in
particular.

These results prove that sparse configurations can be a suitable sub-
stitute for solid parts. However, the advantages becomemore apparent
when they are used in geometries with large surfaces parallel to the
printing bed. In those situations, the introduction of an air gap between
the rasters decreases the mass and the cost of the parts significantly
while maintaining similar mechanical properties overall.

3.3. Shear testing

Fig. 10 depicts the selected data from the results of the shear tests
performed in solid (top) and sparse (bottom) configurations. The
stress-strain curves differ in stiffness, maximum load, and material fail-
ure depending on the infill configuration and the direction of testing. In
the case of sparse configurations, as before, the stress axis has been
scaled for the reader's convenience. The shaded area of the graphs re-
sembles the 5% strain threshold indicated in the ASTM D5379 standard
[40], corresponding to 50 mε. The nomenclature used on the labels re-
fers to the manufacturing orientation displayed in Fig. 2.

Fig. 11 displays the following shear properties (charts in the left col-
umn): shear modulus, yield stress, strain at yield stress, and maximum
stress, as well as its corresponding strain. In charts e and i, the 50 mε of
strain threshold is indicated. The charts on the right side of the figure
show the mass-normalized values of the properties mentioned above,
considering the mass of each tested sample.

Depicted results are average values obtained by testing the two pos-
sible arrangements of samples belonging to the same plane. As
displayed in Fig. 2, the X-Flat (J) and Y-Flat (L) samples are contained
in the sameXYplane, but they have their infill filaments arranged in dif-
ferent alignments. The same applies to the X-Edge (K) and Z-Flat
(N) samples in the XZ plane, and the Y-Edge (M) and Z-Edge (O) in
the YZ plane. The obtained data shows that there is a distinct behavior
between the samples contained in the same plane (Fig. 11). These dif-
ferences are attributed to the modification of the effective cross-
section of samples, due to the arrangement of filaments and layers. Ac-
cordingly, an average value was determined for each orthogonal plane
(XY, XZ, and YZ) to calculate the constitutive matrix.

As shown in Fig. 11, the results for X-Flat and Y-Flat (XY and YX ar-
rangements) with an air gap of 0.75 mm could not be determined. Due
to the limited amount of rasters in this particular infill configuration, no
recognizable stochastic pattern could be obtained for an accurate
enough DIC post-process. Therefore, the mechanical properties results
are only presented for the rest of the arrangements of this sparse

2 0.25mmair gap samples averaged an inertia of 64.11mm4,while 64.51mm4was reg-
istered by the 0.50 mm specimens, and 64.32 mm4 by the 0.75 mm ones.

Fig. 8.Representative stress-strain data from theflexural test results of solid (top) and sparse
(bottom) configurationswith the different orientations of rasters and infill densities stated in
Fig. 2. The beginning of the shaded area, where the major part of breaks occurs, refers to the
calculation threshold established in the ASTM D790 [39] standard.
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typology. Additionally, the yield point of the X-Flat (XY) orientation
with a 0.50mmair gap could not be determinedusing the offsetmethod
indicated above.

Focusing on the charts in the left column of Fig. 11, solid and sparse
configurations have different trends in the six evaluated arrangements.
The equivalency of samples assumed from solid tensile test results is

Fig. 9. Flexural test results comparision between solid and sparse configurations: flexural modulus (a), specific flexural modulus (b), flexural yield stress (c), specific flexural yield stress
(d), flexural strain at yield (e), specific flexural strain at yield (f), flexural strength (g), specific flexural strength (h), strain at flexural strength (i), and specific strain at flexural strength (j).
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still noticeable. Actually, XY and YX results should be treated together,
aswell as the XZ and YZ, and the ZX and ZY. Furthermore, the raster ori-
entation in the solid unidirectional configurations (0∘ and 90∘) must be
taken into account. Thus, the XY results of the 0∘ solid family are equiv-
alent to the 90∘ results of the YX arrangement and vice versa. Similarly,
the same deduction can be applied to the results of XZ and YZ disposi-
tions, and those of ZX and ZY.

The analysis of the results of shear modulus from the solid samples
concludes that very close values of stiffness are obtained with the 0∘ and
90∘ configurations. In all tests, the±45∘ infill configuration presents supe-
rior rigidity. Regarding the sparse typologies, all samples display slightly
higher values in the XY and YX arrangements (427, 477 MPa for
0.25mm; and 328, 293MPa for 0.50mm in XY and YX arrangements, re-
spectively). Moreover, the results prove the hypothesis that an increment
of the air gap value leads to a decrease in stiffness, as expected.

As can be seen, yield stress values for the solid configurations are
similar, being the ±45∘ samples the ones that offer higher results as
compared to the 0∘ and 90∘ configurations. In the case of the sparse sam-
ples, the stress values obtained in the vertical arrangements (ZX andZY)
reduce significantly as the air gap value increases. Particularly, the ob-
tained mean stresses at yield for solid ±45∘ samples were 29.3 MPa in
ZX and 27.1MPa in ZY.When a positive air gap is used, these values de-
crease to 18.9 MPa and 18.6 MPa for 0.25 mm, 15.6 MPa, and 16.1 MPa
for 0.50 mm, and 13.7 MPa and 13.7 MPa for 0.75 mm, respectively. In
samples manufactured in XZ and YZ, the increase in the air gap appears
not to compromise this property.

At this point, it should be noted that the DIC post-process of shear
test requires that a larger area of the patternmust be recognized during
all the tests as a GOM Surface Component needs to be created. This fact
results in a reduction of the DIC post-process accuracy in the shear tests
in comparison with the tensile ones, which demand a 2-point exten-
someter. Thus, the wider dispersion of the results from shear tests
makes itmore challenging to findnotable changes in this property. Nev-
ertheless, as stated above, some trends can be observed that fit the hy-
pothesis of this paper.

In contrast, the maximum strength values of the solid specimens
show some clear tendencies. The sample equivalence already observed
with the results from the tensile tests becomes even more evident.
Specimens from 0∘ solid configuration exhibit lower strength in the XY
and XZ directions. As the infill filaments are deposited perpendicularly
to the resistant cross-section, they shear and slide during the test until
the intra-layer unions (XY) or the inter-layer ones (XZ) fail. In vertical
samples, the superior strength of this solid configuration is reached
when the number of intra-layer filament unions in the effective cross-
section is higher (ZY direction). In 90∘ solid configuration, the samephe-
nomenon is observed in the YX, YZ directions, and, to a minor extent, in
the ZX. This effect is not seen in the ±45∘ solid configuration, which has
similar strength values in all arrangements. Also, this phenomenon is
not appreciated in the sparse typologies. In these cases, the maximum
strength decreases as the air gap increases.

Finally, the trends are slightly different when considering the nor-
malized value of every property (charts in the right column). The spe-
cific stiffness results from XY and YX sparse samples are comparable
to the ones from their solid counterparts. Moreover, the values from
the sparse XZ, YZ, ZX, and ZY arrangements are also analogous to
those of the solid ones. The same result can be found between sparse
and solid configurations regarding yield stress properties. However,
considering the deviations of the obtained results, their specific strains
at this point are significantly higher as compared to those when no air
gap is used. Furthermore, the mass contribution also sets the specific
strength values of the sparse configurations slightly below those ob-
tained by the solid families.

3.4. Compliance matrices

Table 2 (solid) and Table 3 (sparse) collect the average values and
their corresponding standard deviation of the measured engineering
constants. Analogous data already published from equivalent infill con-
figurations is presented for comparison. As stated before, in some tests
the thickness of the samples or the limited amount of rasters of some
infill configurations compromised the accuracy of the DIC post-
process. Accordingly, no data is presented for those cases when the sto-
chastic pattern was not correctly recognized.

Fig. 10. Representative stress-strain data from the shear test results of solid (top) and
sparse (bottom) configurations with the different orientations of rasters and infill
densities stated in Fig. 2. The beginning of the shaded area, where the major part of
breaks occurs, refers to the calculation threshold established in the ASTM D5379 [40]
standard.
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Based on the experimental results, the compliance matrix S for each
studied configuration was calculated. Fig. 12 depicts the obtained
compliance matrices describing the orthotropic elastic behavior of PEI
Ultem parts processed by FFF in every one of the solid and sparse
configurations investigated. The components of the diagonal corre-

spond to: S11 ¼ 1
EX

, S22 ¼ 1
EY

, S33 ¼ 1
EZ

, S44 ¼ 1
GYZ

, S55 ¼ 1
GXZ

, and S66

¼ 1
GXY

; while the extension-extension coupling elements were calcu-

lated as: S12 ¼ meanð−νYX

EY
;−

νXY

EX
Þ, S13 ¼ meanð−νZX

EZ
;−

νXZ

EX
Þ, and S23 ¼

meanð−νZY

EZ
;−

νYZ

EY
Þ. The extension-shear and shear-shear coupling ele-

ments are zero due to the orthotropic assumption.

Fig. 11. Shear test results comparision between solid and sparse configurations: shear modulus (a), specific shear modulus (b), shear yield stress (c), specific shear yield stress (d), shear
strain at yield (e), specific shear strain at yield (f), shear strength (g), specific shear strength (h), strain at shear strength (i), and specific strain at shear strength (j).
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The extension coefficients3 of the matrices of solid configurations
confirm a similarity between the X and the Y axes (i.e., S11 = S22) re-
gardless of the orientation of the infill rasters. Slightly higher flexibility
is observed in Z-direction in 0∘ and 90∘ samples (i.e., S33 N S11), as ex-
pected. The ±45∘ configuration holds an equivalent Z-performance to
X and Y results (i.e., S33 ≈ S11 ≈ S22). This experimental observation
may be considered to be related to the intra-layer and inter-layer cohe-
sion. During the deposition of the material, the difference in tempera-
ture between contiguous filaments (intra-layer) is significantly lower
than the thermal gradient between adjacent layers (inter-layer). As a
result, the bond between parallel filaments is more rigid and resistant
than the one between layers. Specifically, the oven temperature was
set at 195∘C, while the PEI Ultem extrusion temperature was 380∘C.
This evidence may explain why the stiffness in the filament direction
is higher than between filaments.

Regarding the shear components, in all three solid configurations,
higher flexibility is identified in the XY-plane (i.e., S66). In contrast, de-
spite some unavailable Poisson's ratio results, the impact of the direc-
tion of the infill rasters on the extension-extension coupling
coefficients4 appears to be negligible (i.e., S12≈ S13≈ S23). Furthermore,
if theflexibility of these configurations is analyzed, the±45∘ raster angle
provides a stiffer intra-layer and inter-layer cohesion than any unidirec-
tional configuration.

Some authors [41,42] have recently assumed that, under a plane
stress state, the printed parts present a transversely isotropic behavior
of the plane parallel to the building bed. This hypothesis can be exam-
ined here from matrices presented in Fig. 12. Thus, an isotropic trans-
verse behavior of the XY plane on a general stress state would be

reflected as S11 = S22, S13 = S23, S44 = S55, and the component SIso66 ¼
1

GXY
¼ 2ð1þ νXYÞ

EX
¼ 2ðS11−S12Þ. However, not all these component con-

ditions are satisfied in this general stress state. Major differences are
found on components S66. For example, in the 0∘ solid configuration
S66
Iso = 1.205 GPa−1 b S66

Exp = 1.891 GPa−1. Analogous analyses could be
done for the 90∘5 and ±45∘6 configurations considering the same
plane. Another approach would be to assume a transversely isotropic
behavior of the plane perpendicular to the filaments. Accordingly, in
the 0∘ solid configuration, an isotropic transverse behavior of the YZ
plane would be reflected as S22= S33, S12 = S13, S55 = S66 and the com-

ponent SIso44 ¼ 1
GYZ

¼ 2ð1þ νYZÞ
EY

≈ 1:294 GPa−1 . Analogous analyses

could be done for the 90∘ configuration regarding the XZ plane, and
for the±45∘ configuration considering both YZ andXZplanes. As before,
the component conditions are not satisfied.

Overall, the experimental results show a more flexible behavior in
the shearing plane than the transverse isotropy hypotheses. Conse-
quently, the results of this investigation do not recognize transversely
isotropic behavior neither on the plane XY, nor on the plane perpendic-
ular to the filaments.

In the right columnof Fig. 12, the results of thematrices of the sparse
configurations are given. It should be noted that S22 components have
taken the value of S11 since the corresponding testswere not conducted,
following the conclusions drawn from the tensile tests with solid sam-
ples. As can be seen, the sparse compliance matrices display higher
values than the solid ones, as expected. This fact agrees with the in-
creased flexibility of the printed parts due to the addition of the air
gap between filaments. Besides that, stiffness is less compromised in
sparse configurations on Z-direction, as demonstrated by the fact that

3 Extension coefficients were determined considering the tensile moduli results.
4 Extension-extension coupling coefficients were determined considering the tensile

moduli results.
5 S66

Iso = 1.265 GPa−1 b S66
Exp = 1.816 GPa−1.

6 S66
Iso = 1.285 GPa−1 b S66

Exp = 1.587 GPa−1.Ta
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S33 b S11 in all settings. This effect is because the air gap separation in-
volves eliminating the intra-layer filament unions, but not the inter-
layer cohesion. A similar effect is found in component S66. In the solid
±45∘ samples, the intra-layer unions are stiffer than inter-layer ones,
so S66 N S55 ≈ S44. In contrast, in all sparse configurations S66 b S55 ≈
S44 as the intra-layer filament unions are removed. Finally, a different
trend from the solid ±45∘ configuration is observed when analyzing
extension-extension coupling coefficients, as S12 b S13 b S23 in all sparse
cases.

4. Conclusions

The reported results are conclusive experimental evidence of the
role that the infill parameters have on the mechanical performance
and weight reduction of PEI Ultem processed by FFF under multiple
load conditions.

Overall, themechanical behavior of the printed parts depends on the
material, and particularly on the FFF manufacturing parameters. The
above analysis shows that the orientation and the infill settings have a

Fig. 12. Compliancematrices describing the orthotropic elastic behavior of PEI Ultemprocessed by FFF in solid 0∘, 90∘, and±45∘ and sparse 0.25mm, 0.50mm, and 0.75mm configurations.
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direct impact on the stiffness, the resilience, the maximum stress, and
the type of failure of the processed parts. Consequently, the appropriate
control of these design parameters would allow manufacturing final
parts with optimal performance.

The obtained results indicate that both the intra-layer and the inter-
layer bonds play a significant role in the behavior of the FFF samples. In
this sense, the use of the thermal chamber reduces the temperature gra-
dient between the deposited filament and the last layer built. This fact
strengthens the unions, improves mechanical performance, and de-
creases the degree of orthotropy. Furthermore, the results obtained con-
firm that the stiffness on the direction of the extruded filament is higher
than the one of the intra-layer unions between contiguous filaments.
However, the rigidity of the inter-layer cohesion of adjacent layers is
the lowest.

The use of the air gap in the design of the infill leads to a meaningful
reduction of the manufacturing costs associated with the material and
production time. The results of the mechanical tests that were con-
ducted prove that the sparse infill has a quantifiable impact on the spe-
cific mechanical properties. The specific values obtained by normalizing
the test results by the mass of every sample are comparable to those
achieved with the solid configurations or even superiors, particularly
in the strain range.

The calculated compliance matrices verify the inherent orthotropy
of FFF technology. Results also ascertain the effect of themanufacturing
parameters on the elastic behavior of the PEI Ultem printed parts.
These matrices will be valuable for the validation of forthcoming nu-
merical models addressing different infill configurations. The matri-
ces analysis also enabled to determine a correlation between the FFF
settings and the mechanical performance of the intra-layer and
inter-layer unions.

Nevertheless, the development of FFF technology still has someopen
fronts. The behavior of the intra-layer unions depends to a large extent
on the fact that the infill filaments are deposited as parallel as possible.
Furthermore, special attention must be paid on the placement of the
contour seam, as it can behave as a dramatic stress concentrator. All
these facts can have a detrimental effect on themechanical performance
of the manufactured parts, thus being a challenge for FFF technology
that should be further addressed.

Finally, this investigation contributes to the development of novel
design-for-manufacturing strategies to obtain functional structural ele-
ments. This fact provides FFF with an outstanding competitive advan-
tage in comparison to other AM technologies.
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a b s t r a c t

A comprehensive investigation is presented on the Fused Filament Fabrication (FFF) technology’s possi-
bilities to create cellular solids with a broad spectrum of specific stiffness and strength, modifying cell
geometry and size, while addressing manufacturing matters such as inherent defects and built time.
Thirteen typologies of two-dimensional cellular patterns with different relative densities are examined.
Results have allowed conclusions to be drawn regarding the influence of cell type and infill density on
mechanical performance. Intra-layer and inter-layer inherent defects identified after manufacturing
highlight the importance of optimizing filament trajectories. A reliable comparison of the elastic proper-
ties of the cellular patterns as a function of their density is presented. An experimentally validated
numerical model is provided for predicting the compression stiffness of the different cell patterns with
an average deviation below 5%. The model can reproduce the behavior in the elastic range based on ten-
sile specimen properties and a Normal Stiffness Factor to account for the phenomenon of elastic asym-
metry of the FFF printed samples. The wide range of results achieved is experimental confirmation of
the potential of FFF cellular solids. Lastly, this investigation provides analytical, numerical, and empirical
validated evidence to further design-for-additive manufacturing strategies with cellular solids for design-
ing advanced lightweight structures.
! 2022 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Cellular solids are defined as those made up of an intercon-
nected network of solid struts or plates that form the edges and
faces of cells, packed together to fill space [1]. Basically, there are
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two broad classes of cellular solids: one consists of a stochastic
structure such as foams, whereas the other is composed of a peri-
odic structure such as lattice truss and prismatic structures. Its
properties depend directly on cells’ shape and connectivity and
the specific solid material they are made. The single most impor-
tant feature of a cellular solid is its relative density, which is the
quotient between the density of the cellular solid and the one of
the solid material of which it is made.

Cellular solids appear in many natural materials and structures,
such as cancellous bone, wood, cork, or sponges [2–4]. Man has
used natural cellular materials for centuries since they have phys-
ical, mechanical, and thermal outstanding properties compared to
fully dense solids. The human-made cellular solids exploit the
unique combination of properties for a wide range of engineering
applications, such as the low density, which allows the design of
light and stiff components such as sandwich panels; the low ther-
mal conductivity for manufacturing effective thermal insulation;
or the low strength and large compressive strains which make
them attractive for energy-absorbing applications [5–10].

Recent advances in additive manufacturing (AM) technologies
have widened the horizons of the fabrication possibilities and
application of cellular solids [11–18]. A major advantage of the
AM technologies is its feasibility to fabricate lighter structures with
a wide range of materials, printing the parts with solid shells filled
with low-density infill. Accordingly, the infill stands as a manufac-
turing parameter that plays a significant role in the strategy to
reduce weight, time to print, and print cost but also to design
structures with tailored properties [19,20]. This provides AM an
outstanding competitive advantage as compared to other conven-
tional manufacturing technologies.

An additively manufactured part’s infill density is an important
design factor directly related to the cell size. The parameter can be
adjusted as a percentage of filling or by controlling the internal
raster-to-raster air gap. It has been shown that infill density has
a noticeable effect on weight reduction, manufacturing time, and
cost, but also on stiffness and strength of the printed part. Never-
theless, infill geometry defined by cell shape can play even a more
significant role in the printed part’s mechanical performance since
it could allow producing components with tailored functional
characteristics [21–27]. For example, when the cells are equiaxed,
the properties are isotropic, but when the cells are even slightly
elongated or flattened, the properties depend on the direction, pre-
senting an orthotropic or even an auxetic behavior. Hence, if such
parts are to be used in load-bearing components, understanding
their mechanics is of utmost importance for an optimal design.

Several studies on the mechanical behavior of cellular solids
manufactured by AM and, in particular, by Fused Filament Fabrica-
tion (FFF) can be found in the literature. Overall, the different
works mainly investigate their mechanical behavior through
numerical approaches, with some experimental validation exam-
ples [28–33]. These studies analyze the effect of infill density on
mechanical performance by modifying the cell size, or the effect
of infill geometry by changing the cell typology. In general, the
studies focus on compression behavior and mostly on analyzing
the auxetic behavior induced by cell geometry [34–51]. Other
researchers have investigated the combination of different infill
cells, creating the so-called hierarchical cell geometries with
promising results [52–55]. However, most studies are bounded to
analyzing some particular cell geometry or numerical modeling
of various cell typologies, establishing comparisons based on their
performance. Hence, in the authors’ opinion, there is a need for
more comprehensive research. Firstly, to explore FFF technology’s
possibilities to create multiple cellular solids able to broaden the
spectrum of specific stiffness and strength from one single mate-
rial. Secondly, to study the primary cell geometries together with
the effect of cell size from a mechanical performance point of view,

but also considering manufacturing issues, thus aimed to con-
tribute to strengthen AM cellular solids designs’ feasibility.

Accordingly, the purpose of this work is to investigate the role
of the infill density together with the pattern geometry on the
mechanical performance and weight reduction of cellular solids
manufactured by FFF. The work is focused on two-dimensional
geometries, thus avoiding the use of support material. This study
aims to provide analytical, numerical, and experimental validated
evidence to further contribute to design-for-additive manufactur-
ing strategies with cellular solids, with an in-deep analysis of the
infill’s mechanical performance and addressing manufacturing
matters, such as inherent defects and built time.

2. Cell designs

Since the cell pattern plays an essential role in the cellular
solid’s physical and mechanical properties [1], a broad and a repre-
sentative number of the principal two-dimensional cell shapes
found in the literature are examined in this work. In particular,
the analysis encompasses the two-dimensional cell shapes Antite-
trachiral, Circular, Hexachiral, Hexagon, Re-Entrant Hexagon type I
and II, Lozenge Grids, Rotachiral, Sinusoidal Ligaments, Square
Grids, SrCuBO, and Tetrachiral. The infill so-called Sparse, widely
used in FFF printing strategies, has also been included for compar-
ison. Fig. 1 depicts the unit cell shapes and a representative man-
ufactured sample of each infill pattern assessed. Sub-figure s
corresponds to a solid cube sample made by the same material
as the cell walls, the results of which will be used for comparison.

As stated before, the single most important feature of a cellular
solid is its relative density, which is the quotient between the den-
sity of the cellular solid (q") and the one of the solid material (qs) of
which it is made. Furthermore, the relative density is equivalent to
the ratio between the elastic modulus along z-direction of the cel-
lular solid and the one of the corresponding solid material [1], i.e.:

E"
z

Es
z
¼ q"

qs ð1Þ

Generally speaking, natural cellular solids have relative densities
which are less than about 30%.

The effective in-plane Young modulus (E"
x and E"

y) and strength
(r"

x and r"
y) of two-dimensional lattice structures can be also esti-

mated from the relative density and the Young modulus of the
solid Es. In particular, the scaling laws can be adequately repre-
sented by the power-law expressions [56]:
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where b ¼ 1 and c ¼ 1 for stretch-dominated structures; b ¼ 3 and
c ¼ 2 for bending-dominated structures; and Bx; By;Cx, and Cy are
experimental coefficients that depend on the pattern cell geometry.
This classification does not consider the overall effect of shear, hing-
ing, and flexural stiffness; however, the predictions are reasonably
acceptable. Although there are some works in the literature that
provide some of these experimental factors, very few cell patterns
are reported [1,23,56,57].

Given the relevance of relative density, in this work each cell
shape’s geometrical design has been parameterized with the vari-
ables indicated in Fig. 1. In this way, modifying the design param-
eters allows the building of cellular solids with different infill
densities while keeping the cell pattern. Considering these design
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Fig. 1. Unit cell shapes design and corresponding FFF manufactured sample of each infill pattern assessed.
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parameters, the analytical equations for the relative density of all
the infill patterns have been determined, as shown below:
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(i) Sinusoidal Ligaments
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3. Methodology

3.1. Manufacturing of samples

To investigate the infill density’s role together with the infill
geometry on the mechanical performance and weight reduction
of cellular solids, the thirteen above designs were evaluated with
three different density levels, except for the Sparse type, for which
six air gap values were considered, thus providing a total of 42 dif-
ferent filling configurations. Table 1 collects the design parameters
selected for each configuration. Cell wall-thickness t was set to
0.508 mm for all configurations. An integer number of complete
unit cells was settled to get a cubic specimen whose dimensions
were as close as possible to 40* 40* 40 mm.

Specimens were manufactured in a Stratasys Fortus 400mc
FDM equipment using PEI Ultem 9085 material. This printer has
a chamber that controls the temperature during the whole manu-
facturing process, improving the inter-layer adherence between
adjacent building layers [19]. The optimum operating conditions
for processing PEI Ultem require an oven temperature of 195 "C,
while the extrusion temperature for the model material was set
to 380"C. Insight 3D Printing Software (Stratasys) was used for
the G-code generation. Samples were manufactured with a slice
height of 0.254 mm and a nominal wall-thickness t of just one con-
tour of 0.508 mm. This fact reduces the required material for build-
ing each cell pattern and its manufacturing time. Sparse patterns
were created by including a separation between intra-layer fila-
ments with the raster-to-raster air gap parameter. Due to the
two-dimensional design of the unit cells and the upright orienta-
tion, no support material was necessary as geometries can stand
by itself while building, which directly benefits the manufacturing
time and material consumption. The estimated manufacturing
time for each configuration is provided in Table 1.

Two samples were printed for each configuration and testing
orientation, leading to a total of 198 samples. Once printed, sam-
ples were examined using a high-resolution Olympus DSX1000
digital microscope to assess the manufacturing process and iden-
tify possible defects. In addition, the mass and the nominal exter-
nal dimensions of each manufactured sample were measured, and
their density was determined. The experimental relative density
was then calculated by dividing the average result of every consid-
ered infill pattern over the solid configuration value. These results
are summarized in Table 1, where minor differences are noticed
between the experimental relative density results and the
corresponding analytical ones calculated with the equations
Eq. (4)–(16).
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3.2. Compression testing

The specimens were tested in compression in the in-plane x and
y-directions, and the out-of-plane z-direction. For those symmetri-
cal cells, such as Antitetrachiral, Lozenge Grids, Rotachiral, Sinu-
soidal Ligaments, Square Grids, SrCuBO, Tetrachiral, and Sparse
patterns, only tests in x and z-directions were performed consider-
ing the equivalence of x and y-directions. Tests were conducted
using ZwickRoell Z030 equipment (30 kN). A 3D Digital Image Cor-
relation (DIC) was used to analyze full-field deformation. To create
the speckled pattern, samples were painted with an airbrush spray
gun with different tips. Microscopic analysis showed a highly con-
trasted, stochastic, and isotropic pattern, with an average black
mark ratio of 41.7% (see Fig. 3 r). Two Allied Vision GigE MAKO
G-507B cameras with APO-Xenoplan 1.4/23-0903 lenses were

employed to record the samples’ surface displacements. The set-
up’s calibration was performed with a GOM CP20/MV55x44 panel,
reporting a deviation of 0.024 pixels. The sequences were finally
post-processed with GOM Correlate Professional software using a
facet size of 19x19 pixels.

For the compression test, the ASTM C365 standard [59] was fol-
lowed with a crosshead rate of 3 mm/min, so that specimen failure
occurred during 3 and 6 min of testing, according to the standard
specification. The results of elastic modulus, first peak stress, and
energy absorption up to first peak load were reported for each test
direction. For stress calculations, the specimen’s nominal external
dimensions were considered. The Poisson’s ratios were determined
as the ratio between the two in-plane displacement components
using DIC extensometers placed at a quarter (10 mm) and three-
quarters (30 mm) of the specimen’s height.

Table 1
Design parameters, manufacturing time, and analytical and experimental relative densities.

Pattern Density Level Design dimensions Manufacturing time (min) Relative density (%)

a (mm) b (mm) h (") Anal. Exp.

(a) Antitetrachiral I 1.30 4.00 - 608 46.07 44.58
II 2.00 7.00 – 258 26.41 25.32
III 2.75 10.00 – 111 18.73 16.60

(b) Circular I 1.70 – – 381 45.04 47.64
II 2.20 – – 206 37.22 40.18
III 3.20 – – 212 27.55 34.21

(c) Hexachiral I 1.30 5.20 – 522 40.91 38.61
II 1.90 7.50 – 265 30.16 27.18
III 2.50 10.00 – 172 23.59 21.81

(d) Hexagon I 2.35 – – 265 26.37 25.25
II 2.85 – – 157 22.04 21.50
III 3.85 – – 98 16.58 16.44

(e) Lozenge Grids I 1.70 – – 205 32.54 32.60
II 2.20 – – 127 25.40 24.76
III 2.70 – – 101 20.83 20.90

(f) Re-Entrant Hexagon I I 2.35 2.69 60 291 35.47 35.59
II 2.85 3.19 60 217 30.17 30.02
III 4.35 4.69 60 95 20.80 20.81

(g) Re-Entrant Hexagon II I 3.80 5.80 65 198 38.36 37.17
II 4.80 7.30 65 152 30.87 29.76
III 5.80 8.30 65 100 25.55 25.33

(h) Rotachiral I 1.25 6.00 – 488 38.86 37.22
II 1.55 7.50 – 341 31.74 29.26
III 2.05 10.00 – 203 24.33 23.06

(i) Sinusoidal Ligaments I 3.00 1.00 – 434 45.35 46.15
II 4.00 1.00 – 271 31.39 33.92
III 6.00 1.00 – 140 19.73 20.05

(j) Square Grids I 1.80 – – 238 34.52 36.73
II 2.30 – – 157 27.21 28.72
III 3.10 – – 85 20.32 20.42

(k) SrCuBO I 3.50 – – 498 38.98 39.83
II 5.00 – – 249 28.39 31.38
III 7.00 – – 113 20.80 23.68

(l) Tetrachiral I 1.30 5.00 – 341 30.74 28.23
II 1.50 6.00 – 285 25.96 23.34
III 2.00 8.00 – 148 20.09 17.15

(m) Sparse I 0.25 – – 45 70.66 69.13
II 0.50 – – 37 54.94 53.02
III 0.75 – – 36 45.13 42.76
IV 1.50 – – 27 29.88 27.71
V 3.00 – – 20 18.55 16.93
VI 6.00 – – 16 11.40 10.46

(s) Solid +45" S – – – 66 100.00 100.00a

Stratasys PEI Ultem filament’s density: 1.27 g/cm3 [58].
Experimental measured wall-thickness t ¼ 0:5777 mm. See Section 4.1 for more details.
a Experimental measured density of Solid +45" pattern: 1.1457 g/cm3.
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3.3. Finite element model

An Ansys FE implicit model was created to evaluate the elastic
performance of each cellular geometry numerically. The pattern
was directly imported in STEP format. Two rigid bodies were cre-
ated on the top and bottom faces to represent compression test
plates. Cellular geometries were meshed with 30 divisions in the
z-direction (building direction) and with an element’s size of
0.15 mm in the manufacturing plane. Higher-order 3D 20-node
solid element SOLID186 was used. As a model example, Fig. 2
depicts the mesh for the Antitetrachiral pattern with density level
II.

Displacements and rotations were restricted to fix the bottom
plate, while a 0.1 mm displacement was imposed on the upper
plate along the loading testing direction. Frictional contacts with
asymmetric behavior were defined between the cellular pattern
and the plates. According to PEI Ultem 1010 available datasheets
[60], the friction coefficient was set to 0.42. The Augmented
Lagrange formulation with a penetration tolerance of 0.1 mm
was activated, and ramped effects were permitted. The reaction
force was finally measured on the bottom surface to evaluate the
stiffness of the cellular pattern.

The properties of the cell walls’ material were adopted from a
previous comprehensive study [19] on the material PEI Ultem

9085, where tensile, flexural, and shear behaviors were determined
for different Solid and Sparse infill configurations. Main results of
the Solid +45" infill configuration are depicted in Table 2. In this
case, three scenarios were examined on the simulations: orthotro-
pic, quasi-isotropic and isotropic material. Since several authors
have demonstrated the elastic asymmetry of FFF printed parts
[61,62] due to the contribution of the filament bonds, the given
properties needed to be adapted to the compression behavior.
Hence, to reproduce the phenomenon of elastic asymmetry, the
Normal Stiffness Factor (FKN) was included in the contacts’ defini-
tion. FKN factors were calibrated from the Solid +45" cube (Fig. 1 s)
experimental results for the in-plane and the out-of-plane test,
obtaining values of 0.215 and 0.050, respectively. With these FKN
factor settings and defining the material with tensile and shear
properties, the FE model described the FFF asymmetric compres-
sion elastic behavior with an accuracy of 99% when compared to
the experimental results. The adjusted model was then used to
simulate all the cellular patterns studied in each of the test
directions.

The Sparse pattern was automatically created from a solid CAD
part in Insight software,. In other words, the detailed pattern
geometry was not available as in the other cells thus requiring a
different model approach. Accordingly, the Representative Volume
Element (RVE) method was adopted with homogeneous material
properties recalculated using the obtained analytical model, as
follows:

Esp
x ¼ g2E

s
x Esp

y ¼ g2E
s
y Esp

z ¼ g3E
s
z ð17Þ

mspxy ¼ g1msxy mspyz ¼ g1msyz mspxz ¼ g1msxz ð18Þ
Gsp

xy ¼ g2G
s
xy Gsp

yz ¼ g3G
s
yz Gsp

xz ¼ g3G
s
xz ð19Þ

rsp
T;x ¼ g1rs

T;x rsp
T;y ¼ g1rs

T;y rsp
T;z ¼ g1rs

T;z ð20Þ
rsp

C;x ¼ g1rs
C;x rsp

C;y ¼ g1rs
C;y rsp

C;z ¼ g1rs
C;z ð21Þ

sspxy ¼ g1ssxy sspyz ¼ g1ssyz sspxz ¼ g1ssxz ð22Þ

where the minoring factor g1 ¼ q"
qs is taken from Eq. 16, g2 ¼ E"x

Esx
¼ E"y

Esy

from Eq. 23, and g3 ¼ E"z
Esz

from Eq. 24. Superscript sp states Sparse
properties, and superscript s refers to the properties of the solid
material in +45" printing configuration evaluated with tensile and
shear tests (extracted from [19]).

4. Results and discussion

4.1. Microscopy analysis

4.1.1. Cell wall-thickness
The panel in Fig. 3 shows microscopic details of the intra-layer

joints of each manufactured cellular pattern, inter-layer defects,
and measurements of the thickness of the deposited filament.

Table 2
PEI Ultem elastic properties and stress limits used on the FE model.

Orthotropic Elasticity Orthotropic Stress Limits

Property Symbol Iso. Q-Iso. Ortho. Property Symbol Iso. Q-Iso. Ortho.

Young’s Modulus x-direction (MPa) Esx 2123 2121 2092 Tensile x-direction (MPa) rs
T;x 24.46 24.45 26.50

Young’s Modulus y-direction (MPa) Esy 2123 2121 2150 Tensile y-direction (MPa) rs
T;y 24.46 24.45 22.40

Young’s Modulus z-direction (MPa) Esz 2123 2126 2126 Tensile z-direction (MPa) rs
T;z 24.46 24.48 24.48

Poisson’s Ratio xy msxy 0.368 0.344 0.344 Compressive x-direction (MPa) rs
C;x '24.46 '24.45 '26.50

Poisson’s Ratio yz msyz 0.368 0.392 0.392 Compressive y-direction (MPa) rs
C;y '24.46 '24.45 '22.40

Poisson’s Ratio xz msxz 0.368 0.392 0.392 Compressive z-direction (MPa) rs
C;z '24.46 '24.48 '24.48

Shear Modulus xy (MPa) Gs
xy 704 630 630 Shear xy (MPa) ssxy 25.86 25.72 25.72

Shear Modulus yz (MPa) Gs
yz 704 741 745 Shear yz (MPa) ssyz 25.86 25.93 27.37

Shear Modulus xz (MPa) Gs
xz 704 741 737 Shear xz (MPa) ssxz 25.86 25.93 24.48

Fig. 2. Boundary conditions and generated mesh example of the FE model
developed for the numerical simulation of the compression behavior of the cellular
solid patterns.
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In Section 3.1, it is defined that the nominal cell wall-thickness t
was set to 0.508 mm for all configurations. This value is com-
manded by the FFF tip used (here T16 with a nozzle diameter of
0.016 in or 0.4064 mm), whose size conditions the slice height
(0.010 in or 0.254 mm) and the width of the extruded filament (ap-
proximately twice the height, i.e., 0.020 in or 0.508 mm). Neverthe-
less, as specified in Table 1, the value used for calculating the
relative density from the analytical Eq. 4–16 was t ¼ 0:5777 mm
(+0.0110 mm). This value corresponds to the average result mea-
sured on the microscopic analysis of the cell walls of printed sam-
ples (see image q in Fig. 3).

4.1.2. Manufacturing defects
Apart from the irregular filaments’ thickness, the images in

Fig. 3 also show some discontinuities in the trajectories in both
the in-plane (intra-layer) and the out-of-plane (inter-layer) fila-
ment joints. Intra-layer joints are detailed in sub-figures a-m. As
can be noted, deposited rasters’ quality depends on the trajectories
required to create the patterns. In those cases where circumfer-
ences appear in the pattern’s cellular unit, the extruder head first
creates the circles and later connects them with the bars (see
Fig. 3 a, c, h, and l). As a result, the raster’s joint that closes each cir-
cumference is almost unnoticeable, while the finish of the connec-

tions between these circles and the toolpaths that link the different
cells is notably lower.

Defects in connections are more evident in some patterns
formed by rectilinear trajectories. In such cases, the requirements
to repeatedly pass over the same point to build the whole pattern
led to several material blobs (see Fig. 3 k). Besides, the abrupt
changes of direction of the nozzle or the end of the trajectory cre-
ate deficiencies in cell-cell bonding (see Fig. 3 d), which could
affect the mechanical performance. In contrast, the pattern’s qual-
ity is highly improved in those cases that take advantage of the
optimized toolpaths by reducing the amount of intra-layer unions
such as the Sparse (see Fig. 3 m).

When successive in-plane imperfections occur in the same loca-
tion for adjacent layers, an inter-layer defect appears, as shown in
Fig. 3 p. This discontinuity has proved to dramatically impact the
pattern’s mechanical behavior when tested in the in-plane
directions.

To prevent these inter-layer defects, it would be necessary to
have a different start of each layer’s path to avoid overlapping
seams and force each layer’s paths to be different. The last was
not an option available in the Insight 3D Printing Software, so
defects were not avoidable for these particular cell geometries. A
compromise solution would be to increase the wall-thickness or

Fig. 3. Microscopic detail of the intra-layer joints - Antitetrachiral (a), Circular (b), Hexachiral (c), Hexagon (d), Lozenge Grids (e), Re-Entrant Hexagon I (f), Re-Entrant
Hexagon II (g), Rotachiral (h), Sinusoidal Ligaments (i), Square Grids (j), SrCuBO (k), Tetrachiral (l), Sparse in-plane (m) and out-of-plane (n-o), inter-layer defects (p),
measurements of the thickness of the filament (q), and DIC speckle pattern (r). Scale bar is 5 mm.
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geometrically reinforce the joint, both of which would result in an
undesirable increase in relative density of the cellular solid.

4.1.3. Sparse infill
The case of the Sparse infill deserves special consideration.

Unlike the rest of the geometries in which the extruded filament
is deposited over the preceding layer’s filament, there is a 90" rota-
tion of the toolpaths between two adjacent layers in the Sparse
pattern when a raster angle of +45" is employed. This fact causes
inter-layer voids, as shown in Fig. 3 (n-o), whose magnitude
increases as the air gap grows. This phenomenon causes a weaken-
ing of the stiffness in the out-of-plane direction (z-direction), as
proved later, but essentially reduces the manufacturing time and
material consumption, as shown in the next section, thus becom-
ing an efficient solution for low-density infill.

4.2. Experimental analysis

4.2.1. Compressive behavior
Fig. 4 shows a representative example of load-displacement

curves for the three levels of density of the Hexachiral and Re-
Entrant Hexagon I patterns. The results presented were obtained
from compression testing along x-direction (see Fig. 1). The results
state a clear impact of both the pattern and the cell’s dimensions
on the mechanical behavior, as expected. In particular, the stiffness
and the first detected peak load results vary significantly between
the examined configurations.

Results obtained from the experimental compressive evaluation
of the manufactured cellular patterns are summarized in Table 3.
Elastic modulus values are given for the three orthogonal direc-
tions, and Poisson’s Ratios (mxy and myx), first peak stress and energy
absorption efficiency data acquired in the in-plane tests are pro-
vided. Poisson’s ratios are reported in the same strain range used
to calculate the elastic moduli (e ¼ 0:1%' 0:3%). Nominal external

dimensions were used for the calculation of the engineering prop-
erties, and energy absorption efficiency was calculated by relating
the total amount of energy absorbed up to the first peak of load
with the material volume estimated in the Insight 3D Printing Soft-
ware. Finally, the adjusted coefficients B and C for the power-law
expressions (see Eq. 2–3) are included together with the corre-
sponding Coefficient of determination (R2) in Table 3.

On the one hand, compression testing results show a clear dif-
ference between the in-plane and the out-of-plane behavior. In
particular, the z-direction’s elastic moduli results exceed those in
the x and y orientations by one order of magnitude in most cases.
Moreover, the DIC post-process allowed detecting that the in-plane
tests’ failure of the patterns was initiated at the intra-layer joints
that arise from the FFF manufacturing toolpaths. Hence, as proved
in a previous work [19], the intra-layer unions are weakened
points that can limit the maximum reachable load.

On the other hand, the different density levels’ trends confirm
the effect of mass decrease on the mechanical properties of the cel-
lular solids. As can be gathered from the values in Table 3, both the
elastic modulus and the maximum load decrease with the density
of the pattern, as expected. However, the energy absorption effi-
ciency does not always follow the same trend. A clear example of
this is shown by the Sparse infill, where density level IV (air gap
1.50 mm) has delivered 2.28 times the energy efficiency of level I
(air gap 0.25 mm).

4.2.2. Mechanical performance versus manufacturing time
Results trends differ even more if the mechanical properties are

related to each sample’s printing time. It is considered a relevant
issue when contemplating manufacturing lightweight components
with cellular solid designs while preserving their feasibility from
the fabrication perspective. Fig. 5 and Fig. 6 depict the obtained
elastic modulus and energy absorption efficiency results versus
the manufacturing time of each pattern, respectively.

Data presented in Fig. 5 and Fig. 6 confirm a manufacturing
advantage of the Sparse over the rest of the infill patterns. As
shown, the optimization of the printing toolpaths of the Sparse
pattern reduces the time needed for their construction by at least
one order of magnitude. In addition, the results of elastic moduli
show a clear trend towards the solid cube result as the air gap
parameter decreases (see Table 1). It should be seen that the main
differences in the elastic modulus correspond to the Ez. This is due
to the filaments’ arrangement between two adjacent layers, which
produces an inter-layer weakness, as observed in Fig. 3 (n-o).

It should be noted that the Sparse design simplifies the manu-
facturing trajectories compared to the other analyzed patterns.
The cellular pattern designs located on the right side of the graphs
required longer fabrication time since their cells were printed one
by one instead of using optimized toolpaths. Accordingly, including
these pattern designs with improved trajectories into the slicing
software would reduce the number of abrupt transitions of the
head direction as well as filament discontinuities. This fact would
also reduce the required time to manufacture most of the exam-
ined patterns and aid to the applicability of FFF cellular solids.

4.3. Finite element analysis

The Finite Element Analysis aimed to evaluate each cellular
geometry’s elastic performance, addressing the effect of the mate-
rial model definition (orthotropic, quasi-isotropic, or isotropic) and
the cell wall-thickness.

4.3.1. Cell wall-thickness
Although the deposited filament’s thickness should be t ¼ 0:508

mm according to the Insight 3D Printing Software preferences,

Fig. 4. Load-displacement curves for the three levels of density of the Hexachiral
and Re-Entrant Hexagon I patterns. Experimental results of relative density are
included.
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walls in the patterns’ CAD design must be widened to t ¼ 0:60 mm
to generate the fabrication toolpaths correctly. Nevertheless, the
thickness measured on the microscopic analysis was t ¼ 0:5777
mm. Hence, the three wall-thicknesses were assessed together
with the three material models to conclude their effect on the
mechanical behavior.

A total of 864 different models were simulated. Fig. 7 shows the
boxplot diagram depicting the deviation between the numerical
and experimental elastic modulus for each wall-thickness and
material model considered. As can be seen, the boxplot diagram
displays more widespread whiskers or a higher number of outliers
when the Isotropic model is used, regardless of the wall-thickness.
Besides, minor differences are observed when Quasi-Isotropic and
Orthotropic models are compared. Therefore, using the Quasi-
Isotropic model material allows simplifying the FFF material’s
model complexity without meaning noticeable variances regarding
the Orthotropic model results. The results also show that wall-
thickness plays a significant role in cellular solids’ stiffness, as
expected. Experimentally measured thickness ft ¼ 0:5777g mm
has achieved the highest accuracy in both the Quasi-Isotropic
and Orthotropic models. In particular, more than half of the
Quasi-Isotropic simulations exhibited less than 10% of deviation
when using the experimental t.

4.3.2. Compressive behavior
Table 4 compares the numerical, experimental, and analytical

results of the cellular solids’ stiffnesses in each of the three test
directions, as well as the in-plane first peak stress experimental
data. Numerical results were obtained considering the Quasi-
Isotropic model and a wall-thickness t = 0.5777 mm. The analytical
results in z-direction were calculated using Eq. 1 for each pattern
and density level, except for the Sparse infill, as explained in Sec-
tion 4.4. Power-law (Eq. 2 and Eq. 23) results are also included.
The agreement of the results enables the validation of the devel-
oped FE model and the analytical equations. The differences
observed between the experimental data and the estimated results
from the power-law expressions are attributed to the identified
manufacturing defects.

Fig. 8 (left) depicts a comparison between the simulated
deformed shape and the recorded images using DIC of Antitetrachi-

Fig. 5. Relation between the elastic modulus experimental results versus the
manufacturing time for each pattern. See Fig. 1 and Tables 1 and 3 for more detail.

Fig. 6. Relation between the energy absorption efficiency experimental results
versus the manufacturing time for each pattern. See Fig. 1 and Tables 1 and 3 for
more detail.

Fig. 7. Boxplot diagrams depicting the deviation of the elastic moduli between the
FE model results and the experimental data for different material models and cell
wall-thickness.
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Fig. 8. Comparison of the experimental and numerical deformed shape sequences of the Antitetrachiral and Square Grids patterns (left). Deformed shape of each patterns
before the first load peak or any internal contact was detected (right). Colormap stands for Von Mises stress.
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ral and Square Grids as representative patterns at different strain
stages. The sequences correspond to the x-direction tests with den-
sity level III. The colormap corresponds to the Von Mises stress
results. This qualitative comparison shows a kinematic correspon-
dence between the numerical and experimental results, with a
marked auxetic behavior of both patterns. The numerical results
allow identifying the most stressed zones and the contact points
between the cell walls. Cross-sections of each analyzed pattern
are shown on the right side of Fig. 8. Results correspond to the
Von Misses stress before the first load peak, or any internal contact
was detected. As can be seen, the patterns’ deformed shapes are
mostly bending-dominated. It can also be seen that some geome-
tries display the maximum stress values at the joints of the unit
cells. The localized stress values should indicate the failure zone
of the material. However, experimental evidence has revealed that
failure occurs mainly at the cell joints due to weaknesses and the
reported manufacturing defects. In the experimental results of
maximum stress shown in Table 3, the highest values of specific
strength correspond to geometries as for example Circular, in
whose microscopic analysis no discontinuity is observed in the tra-
jectory of the filaments. This evidence highlights the importance of
reducing defects of intra-layer joints to prevent premature pattern
failure. So, once again, the importance of optimizing the printing
toolpaths is justified, as it would reduce the amount of intra-
layer manufacturing defects.

4.4. Verification of the numerical and analytical sparse infill model

The simple arrangement of the cell walls on the Sparse infill
allows the derivation of an analytical expression to determine
the relative elastic moduli in each of the test directions. Fig. 9 (left)
illustrates the unit cell of the Sparse infill with boundary condi-
tions corresponding to an in-plane compression test. Using an
approach based on standard beam bending theory, Eq. 23 was
derived to calculate the relative in-plane elastic moduli. Es refers
to the elastic modulus of the solid material.

E!
x

Es
x
¼ E!

y

Es
y
¼ 2t3

a3 þ 3ta2 þ 4at2 þ 2t3
ð23Þ

The elastic modulus along z-direction deserved a different
approach. Inter-layer voids were identified in Fig. 3 (n-o), which
weaken the stiffness in the out-of-plane direction. Accordingly,
the relative elastic modulus has been determined from the effective
load-bearing areas in the z-direction as depicted in Fig. 9 (right),
obtaining the following expression:

E!
z

Es
z
¼ t2

aþ tð Þ2 ð24Þ

The numerical and experimental results of the relative moduli for
each Sparse infill as a function of the air gap and the analytical
curves (Eq. 23 and 24) are plotted in Fig. 10 to assess the accuracy
of the analytical expressions’ prediction. The curve corresponding to
the analytical adjustment of the relative density (Eq. 16) and its

experimental measurements are overlapped and represented on
the right-hand axis.

As can be seen, the results calculated using the provided analyt-
ical equation are in good agreement with the experimental values
obtained in both test directions. Furthermore, it should be noted
that the analytical expression (Eq. 24) diverges from the calcula-
tion of the out-of-plane relative elastic moduli of the other cellular
patterns presented in Section 2, which were obtained from a ratio
of its relative density (see Eq. 1).

4.5. Comparative overall performance of FFF cellular solids

The elastic moduli results given in Table 4 are now depicted in
the upper plot of Fig. 11 as a function of the relative density. The
experimental densities are used for data representation. Values
with diamonds correspond to numerical results, while circulars
are the experimental ones. The dark shaded area states the Sparse
samples’ spectrum, and the red-orange area corresponds to the rest
of the cellular solids. The black dots on the upper right-hand side of
the graph indicate the PEI Ultem material performance, corre-
sponding to the solid cell wall material properties.

Regarding the non-Sparse patterns, the results grouped at the
top of the graph are the stiffnesses of the cellular solids in the z-
direction, while the bottom data correspond to the x-y in-plane
elastic moduli. The duplicity of results for the same geometry
and relative density is due to the orthotropic behavior of some cell
patterns. Specifically, the values at the bottom correspond to the
cell’s patterns with auxetic behavior. For a detailed identification
of the auxetic patterns, see Table 4.

Overall, the divergence of the results for equivalent relative
densities is evidence of the influence of the cellular pattern design.
The results clustered at the top are related to the relative density,
but the elastic z-modulus proves to be independent of the cell pat-
tern. These data particularly show a good adjustment with the line
plotted from the analytical Eq. 1.

Regarding the Sparse infill samples, results show a lower
scatter between in-plane and out-of-plane stiffnesses. As shown,
the elastic z-modulus of the Sparse infill is below the z-modulus
of the other cellular geometries, as expected, and its data fit

Fig. 9. Sparse pattern’s cellular unit with boundary conditions corresponding to an
in-plane compression test (left). Overlapping of two layers in the Sparse infill. The
red shaded area corresponds to the contact points between layers (right).

Fig. 10. Numerical, experimental, and analytical results of the relative elastic
moduli and relative density of each Sparse pattern assessed in terms of the air gap.
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accurately to the curve of the proposed Eq. 24 for the relative
stiffness calculation. In addition, the results achieved in experi-
ments along x and y-directions are also in agreement with the
Eq. 23 adjustment.

Lastly, to conclude the study, the stiffnesses obtained for each
cellular pattern are compared to other materials as a function of

its density in the bottom graph of Fig. 11. Ansys GRANTA EduPack
materials database is included for comparison. As can be seen, the
specific stiffness properties of the analyzed FFF cellular solids cover
a wide area that is comprised between foams, natural materials,
polymers, and elastomers. The stiffnesses of the cellular solids
are lower than those of the solid material, but both the geometry

Fig. 11. Material property chart including analytical, experimental and numerical results (top) and materials database diagram (bottom). Adapted from CES EduPack 2019,
ANSYS Granta ! 2020 Granta Design, with permission.
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and the cell size prove to play a significant role, as was intended to
be demonstrated. The wide range of specific stiffnesses achieved is
thus evidence of the potentials of FFF lightweight cellular solids.

5. Conclusions

This paper presents comprehensive research of the FFF technol-
ogy’s possibilities to create cellular solids with a broad spectrum of
specific stiffness and strength, from the cell geometry and cell size,
while addressing manufacturing matters such as inherent defects
and manufacturing time. Thirteen typologies of two-dimensional
cellular patterns with different relative densities were investigated
and tested in compression in different directions, resulting in 42
different filling configurations.

The analytical approach has led to parametric equations to pre-
dict the relative density of each pattern, which have been success-
fully verified with experimental results. These expressions also
allow the calculation of the elastic modulus in the three mutually
perpendicular directions of the cells from the solid material
properties.

Microscopic analysis revealed different manufacturing defects
and highlighted the importance of optimizing filament trajectories.
Intra-layer defects occur in certain types of cell patterns depending
on their design, either due to defects in the connection of the cells
or due to excessive deposition of material at filament’s intersection
points. Inter-layer defects are due to weak cell wall connectivity
and dramatically impact the pattern’s mechanical behavior when
tested in the in-plane directions. To overcome these defects, it
would be necessary to customize layer by layer the configuration
of the filament trajectories and address its optimization.

The microscopic study also revealed the optimized arrangement
of the filaments in the Sparse infill pattern, creating intentional
inter-layer voids that essentially allow for a reduction in manufac-
turing time while maintaining satisfying mechanical properties,
thusbecominganefficient solution for achievinga low-density infill.

Compression test results have allowed conclusions to be drawn
regarding the influence of cell type and infill density on the
mechanical performance. As expected, stiffness and stress decrease
with the density of the pattern, but energy absorption efficiency
does not always follow the same trend, such as in the case of the
Sparse infill. Printing defects have also shown to have a critical
effect on the strength of the cell patterns. Moreover, the time-to-
print analysis has shown the competitive advantage of the Sparse
infill over the rest of the patterns, as it provides comparable stiff-
ness and strength properties with considerably shorter manufac-
turing times. This again highlights the relevance of optimizing
filament trajectories in the slicing software to contribute in the
application of FFF cellular solids.

The numerical study has provided a model for predicting the
compressive stiffness of the different patterns, which has been
validated with experimental results. The model can reproduce
the behavior in the elastic range, based on tensile specimen
properties and a Normal Stiffness Factor to account for the phe-
nomenon of elastic asymmetry of the FFF printed samples. The
study has evaluated the influence of the wall thickness and the
material model used. The results demonstrate the validity of
the hypothesis assuming a quasi-isotropic behavior of the cell
wall material.

Given the outstanding behavior of the Sparse infill, its elastic
performance has been deeply analyzed, obtaining analytical
expressions for the calculation of the elastic moduli in the three
perpendicular directions. The equations have been compared and
successfully validated with numerical and experimental results.
Regarding the stiffness in the out-of-plane direction, the prediction
model proposed departs from approaches based on relative stiff-
ness but shows a better correlation with experimental data.

Finally, the extensive study has allowed a reliable comparison
of the elastic properties of the cellular patterns as a function of
their density. The wide range of results achieved is experimental
evidence of the potential of FFF lightweight cellular solids.
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� 3D cellular designs exhibit an
improved and more isotropic
mechanical performance than 2D
patterns at similar levels of density.

� Although most of the 3D designs
require support structures for their
manufacturing, no increase in
building time is noticed.

� The implementation of the sparse
infill saves material, weight and
printing time, while performance is
slightly impacted.

� A novel and more consistent method
for quantifying the isotropy of cellular
solids fabricated with additive
manufacturing technologies is
provided.

� The homogenized numerical
approach employing representative
volume element properties saves
important computation time with
enough accuracy.
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a b s t r a c t

The development of cellular solids is one of the research fields in which additive manufacturing has made
relevant progress in producing lightweight components and enhancing their performance. This work pre-
sents comprehensive research on the mechanical performance of fused filament fabricated three-
dimensional lightweight cellular solids, including open-cell and closed-cell lattice designs and triply peri-
odic minimal surfaces (TPMS), with different cell sizes and infill densities. The aim of this work is to
determine the range and limits of the achievable mechanical behavior by employing different cell designs
made from a single material and manufacturing technique. Experimental results obtained with cell
designs fabricated with a high-performance polymer (PEI Ultem) showed wide ranges of effective stiff-
nesses from 1 to 293 MPa, strengths from 0.1 to 18.1 MPa, and densities from 0.066 to 0.541 g/cm3.
Furthermore, two validated numerical approaches are provided to simulate their mechanical perfor-
mance accurately. Moreover, a novel and robust index to quantify the isotropy of additively manufac-
tured cellular solids based on the graphical representation of the homogenized stiffness tensor is
proposed. Finally, experimental evidence states that the Shell-TPMS designs proved to be the most effi-
cient cellular pattern, followed by the Skeletal-TPMS and the lattice configurations.
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1. Introduction

Additive manufacturing (AM) has attracted enormous attention
from the scientific community and different industrial sectors in
the last decade. It undoubtedly constitutes one of the strategic pil-
lars of the global transformation towards Industry 4.0. Moreover,
the rapid transition between research developments and industrial
applications has been consolidated due to the ability to fabricate
functional parts with complex geometries, which are unfeasible
to obtain using conventional manufacturing techniques.

In particular, one of the research fields in which AM has made
relevant progress is the development andmanufacturing of cellular
solids [1–4]. These bio-inspired structures are formed by a com-
plex interconnected network of solid struts or shells that cover
the space while considerably reducing the weight of the compo-
nents [5–7]. Depending on the unit cells’ typology and arrange-
ment, cellular solids can be classified into two principal
categories: closed-cell designs, such as foams, or open-cell ones,
composed of reticular microstructures, such as lattices [8]. The
properties of these cellular solids directly depend on the shape
and connectivity of the unit cells and the solid material used for
their manufacturing [9,10]. Thus, this advanced and optimized
microarchitecture gives them properties of great interest and
applicability, such as rigidity and specific resistance, thermal and
acoustic insulation, or impact absorption capacity [11–21].

Some of these designs have already been incorporated into 3D
printing equipment as an infill method for parts construction, with
the aim to reduce manufacturing time and costs associated with
material consumption [22]. However, an advanced design of cellu-
lar solids demands tight control of the kinematics of their deforma-
tion to achieve the desired microstructure properties to satisfy
specific design requirements [23–31]. Therefore, a better under-
standing of the structure’s behavior allows for finer control of
mechanical properties [32,33]. Hence, architectural cellular mate-
rials are very versatile, as their performance can be tailored by sim-
ply modifying the geometrical or topological parameters of the
design. Thus, according to the vast literature published in the last
five years, it can be stated that there is an interest in the scientific
community in deepening the knowledge, development, and fabri-
cation of these bio-inspired microstructures for their application
in advanced structural components.

Previous research has demonstrated that specific AM tech-
niques are better suited for manufacturing certain typologies of
cellular solids. In particular, the fabrication of lattice-type arrange-
ments often requires intensive use of support structures. In this
sense, employing powder bed technologies avoids the fabrication
of supports, since the whole powder volume sustains the following
constructed layer [34–41]. Therefore, powder bed fusion (PFB) is
the most used technique for manufacturing truss-like cellular
solids [42–48]. On the other hand, fused filament technologies
deposit a thermoplastic material layer by layer according to the
trajectories of a moving extruder head. Therefore, studies employ-
ing fused filament fabrication (FFF) generally deal with cell geome-
tries composed of shell-like walls, as the vertical overlapping of the
deposited rasters favors the construction of honeycomb-like
designs [49–51]. Nevertheless, its implementation in manufactur-
ing lightweight three-dimensional structures, such as lattice
designs, requires removable auxiliary supports to hold inclined
walls or struts during their construction.

In spite of this shortcomings, FFF stands as the most accessible,
cost-effective, fastest, and user-friendly technique compared to the
rest of the AM technologies. Moreover, its benefits for constructing
two-dimensional cellular solids have been sufficiently consoli-
dated [52,53]. However, the extrusion plane present in all of these
designs significantly increases the degree of anisotropy of the

structures, which exhibit a maximum in-plane stiffness while dra-
matically compromising the perpendicular one [54]. On the con-
trary, this phenomenon does not appear in three-dimensional
designs, which leads to higher degrees of isotropy [55]. For this
reason, many authors have recently focused on exploring the capa-
bilities of this technology to manufacture three-dimensional struc-
tures using a much more economical and sustainable process [56–
58].

One of the most promising developments in three-dimensional
cellular solids for lightweight applications are the called triply
periodic minimal surfaces (TPMS) [59,60]. These geometries are
mathematically created to minimize the surface area for a given
volume, having no self-intersecting or enveloping surfaces. More-
over, the lack of nodes and discontinuities in their curvature
reduces stress concentration, thus improving their mechanical per-
formance [61,62]. In addition, the average curvature at each point
of the geometry is zero, hence making them self-supporting and
able to be fabricated by FFF without requiring support structures
[52,63–66].

Despite the high interest in cellular solids several uncertainties
remain, especially for employing them in high-performance struc-
tural applications, such as composite material sandwich structures.
Thus, and taking advantage of the most recent developments in AM
technologies, these designs can become a turning point for obtain-
ing novel lightweight cores with more isotropic and customized
properties.

Accordingly, this work investigates the mechanical perfor-
mance of FFF three-dimensional cellular solids to comprehend
their benefits over two-dimensional designs in terms of stiffness
and strength while attending manufacturing aspects such as print-
ing time. The aim of this work is to explore the capabilities of cel-
lular solids to achieve, from a single high-performance polymeric
material, very different mechanical behaviours that allow broad
applicability of this lightweight structures by customising only
the cell design. In order to do so, the compressive behavior of
twenty designs, including both open-cell and closed-cell patterns
with different cell sizes and infill densities, is experimentally ana-
lyzed. In contrast to some previously published works, this study is
conducted using professional FFF equipment, which incorporates a
heating chamber to improve the cohesion between layers and
increase the stiffness of the joints of the melted material. Further-
more, to inspect the structural capabilities of each design, a high-
performance technical polymer with an outstanding strength-to-
weight ratio is used. Additionally, the isotropy of the manufactured
cell type is evaluated by employing a numerical homogenization
strategy. Lastly, two validated numerical approaches are provided
to efficiently simulate the compression and bending response of
cellular designs, further contributing to novel design-for-
manufacturing strategies of lightweight cores for sandwich
structures.

2. Methodology

2.1. Manufacturing of the samples

A total of 20 different three-dimensional cellular solids were
selected to analyse the impact that both the unit cell geometry
and the relative density may have on the mechanical performance
and manufacturing feasibility (see Fig. 1 and Table 1). For simplic-
ity, from now on, pattern names and specimen identifications are
referenced with the corresponding ID. Although FFF might be an
unconventional choice for manufacturing certain geometries, this
work comprises the study of all typologies of three-dimensional
cellular solids, including lattice (A to H), Skeletal-TPMS (I to O),
and Shell-TPMS (P to T).
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Lattice geometries have been created using SolidWorks. On the
other hand, the novel TPMSgen [67] open-source Python applica-
tion was developed to parametrically generate the Skeletal-TPMS
and Shell-TPMS designs employing the corresponding equations

(see Appendix A). In each case, a cubic volume of 40 mm of side
length was covered using two different unit cell sizes (I:
40 � 40 � 40 mm; II: 20 � 20 � 20 mm), thus resulting in struc-
tures made of a single cell (Specimen ID1) and others of eight cells

Fig. 1. Unit-cells (Specimen ID1) and eight-cells (Specimen ID8) samples of the three-dimensional patterns manufactured with FFF (see Table 1).
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(Specimen ID8), respectively. It should be noted that, in some cell
designs, the minimum wall thickness achievable by the additive
manufacturing equipment limited the range of densities. Thus,
the priority has been given to the printability of the samples, not
the uniformity of the porosity of the designs.

Specimens were fabricated in a Stratasys Fortus 400mc FFF
equipment employing PEI Ultem 9085 (PEI Ultem) material, a
high-performance technical polymer with an outstanding
strength-to-weight ratio [68]. This professional equipment has a
thermal chamber controlled during the printing process. This fact
significantly improves the inter-layer adherence between adjacent
building layers, thus leading to a higher strength. The oven temper-
ature was set at 195 �C and the model extrusion temperature at
380 �C. All the specimens were manufactured with a layer height
of 0.254 mm.

Specimens A to O were evaluated with two different infill con-
figurations: solid and sparse. Sparse patterns were generated by
introducing a separation of 0.25 mm between intra-layer filaments
using the raster-to-raster air gap parameter. On the other hand, the
constant thickness of Shell-TPMS patterns (P to T) allows a higher
accurate control over the density of the final structure. Thus, aim-
ing to evaluate the potential of FFF technology to produce struc-

tures as light as possible, these patterns were printed with solid
walls fabricated with a wall thickness of two contours
(1.016 mm). Furthermore, a reference solid � 45� configuration
was included in this study. In all cases, two samples of each spec-
imen were manufactured to validate the repeatability of the exper-
imental tests, resulting in 142 manufactured patterns.

The geometric complexity of the studied three-dimensional
patterns entailed multiple areas with overhangs, which required
support material (polysulfone) for their construction (see Fig. 2).
Hence, an optimized procedure employing a recently proposed sol-
vent of 20% v/v aniline in toluene dissolution was used for remov-
ing support structures [69,70]. Fig. 1 depicts both unit and eight
cells of every considered pattern once the support structures had
been chemically removed.

Once all the samples were cleaned, the ratio between each spec-
imen’s mass and the Solid ± 45� cube configuration one was calcu-
lated (q�=qS) to obtain the relative density measurements. The
average result of each pattern and infill configuration is given in
Table 1. It should be noted that, since the unit cell in Specimens
ID8 A to O is equal to the corresponding Specimen ID1 with a down-
scaling factor of 50%, the experimental measurement of the relative
density leads to equivalent results in all cases. Meanwhile, as pat-

Table 1
Pattern ID, manufacturing time, and relative density of the analyzed three-dimensional cellular solids.

Pattern (see Fig. 1) Family ID Typology Specimen ID Solid ± 45� Infill Sparse 0.25 mm Infill

Manufacturing
time (min)

Relative
density (%)

Manufacturing
time (min)

Relative
density (%)

Rel. density
reduction (%)

Reinforced body centered cube � A Lattice A1 311 27.11 305 24.23 2.88
A8 492 27.83 490 26.67 1.16

Dode medium � B Lattice B1 224 13.16 222 12.04 1.12
B8 416 13.44 416 13.33 0.11

Dode thick � C Lattice C1 221 25.51 212 21.41 4.10
C8 377 26.29 377 25.36 0.93

G-Structure 9 � D Lattice D1 178 23.35 171 19.55 3.80
D8 299 23.62 292 20.85 2.77

G-Structure 10 � E Lattice E1 180 30.33 182 26.87 3.47
E8 293 31.52 292 26.81 4.71

Octet truss � F Lattice F1 250 30.32 244 27.09 3.23
F8 435 30.16 432 28.03 2.13

Rhombic dodecahedron � G Lattice G1 237 30.65 227 25.87 4.79
G8 410 31.05 408 29.76 1.28

Truncated octa light � H Lattice H1 233 21.25 226 18.09 3.16
H8 373 20.94 373 20.86 0.08

Neovius surface � I Sk-TPMS I1 227 23.75 222 21.71 2.04
I8 339 23.63 336 22.23 1.40

Schoen gyroid � J Sk-TPMS J1 197 20.68 192 17.65 3.03
J8 289 23.69 280 18.77 4.92

Schwarz diamond � K Sk-TPMS K1 190 24.63 192 22.40 2.23
K8 300 24.57 296 23.51 1.06

Cylinder grid � L Sk-TPMS L1 174 26.77 168 21.79 4.98
L8 225 27.16 216 21.98 5.17

Schwarz primitive (pinched)� M Sk-TPMS M1 185 29.81 179 23.84 5.97
M8 241 29.93 234 24.82 5.11

Schwarz primitive � N Sk-TPMS N1 173 18.38 170 14.57 3.80
N8 234 18.22 230 15.23 2.99

Body diagonals with nodes � O Sk-TPMS O1 193 46.13 182 37.79 8.34
O8 295 47.26 286 39.62 7.65

Gyroid y P Sh-TPMS P1 29 8.01 – – –
P8 49 15.99

Diamond y Q Sh-TPMS Q1 34 9.75 – – –
Q8 61 19.45

Lidinoid y R Sh-TPMS R1 56 16.29 – – –
R8 158 30.88

Split-P y S Sh-TPMS S1 37 11.74 – – –
S8 101 21.66

Schwarz y T Sh-TPMS T1 25 5.79 –
T8 42 11.78

Reference REF Solid ± 45� So 66 100.00a – –

a Experimental measurement of Solid ± 45� pattern’s density: 1.1457 g/cm3. Sk-TPMS and Sh-TPMS stand for Skeletal and Shell triply periodic minimal surfaces,
respectively.� Pattern manufactured with support structures.y Pattern manufactured without support structures.

A. Forés-Garriga, G. Gómez-Gras and M.A. Pérez Materials & Design 226 (2023) 111641

4

170 Appended publications



terns P to T were all manufactured with two contours regardless of
the unit cell size, the relative density of Specimen ID8 is double the
one corresponding to Specimen ID1. However, different trends are
observed when analyzing the estimated manufacturing time data
since Specimens ID8 required almost twice as much time to build
as ID1 in all cases.

The contribution of the sparse infill to weight reduction
depends on the shape of the different building layers that consti-
tute the manufactured part itself. In other words, if any portion
of the cross-sectional area of the printed volume is too narrow
for fitting both the contours and the infill region with separated
rasters, the slicer software automatically sets it as solid. Therefore,
weight reduction and printing time savings associated with the use
of sparse infill are more evident in those designs where the unit
cells are larger. As can be noticed from Table 1 data, sparse infill
can suppose up to 8.34% of weight reduction (A1), whereas just a
0.08% loss is noticeable in other cases (H8), depending on the pat-
tern’s shape. Moreover, the scaling factor used in Specimen ID8

narrows its cross-section compared to Specimen ID1. Accordingly,
the effectivity of the sparse infill might be limited when used in
smaller FFF patterns.

2.2. Compression testing

Printed specimens were tested in compression along the per-
pendicular axis to the printing plane (see Fig. 3). Tests were con-
ducted using ZwickRoell Z030 30 kN equipment following the
ASTM C365 standard [71]. The crosshead rate was set to 3 mm/
min. Results from the elastic modulus, the maximum stress prior
to first failure (FF), and the corresponding absorbed energy were
reported. The specimens’ nominal external dimensions (40 � 40
� 40 mm) were employed for effective stress and strain calcula-
tions. The experimental elastic moduli were determined from test
data between 0.1% and 0.3% of compressive strain using linear
regression. Finally, the energy absorption efficiency was calculated
as the ratio between the area under the load–displacement curve
and the material’s volume used for manufacturing each cell
pattern.

Each specimen was previously sprayed with a black and white
stochastic pattern to determine the full-field deformation of the
samples with a 3D Digital Image Correlation (DIC) system. Two
Allied Vision GigE MAKO G-507B cameras with APO-Xenoplan
1.4/23–0903 lenses were used to record the tests. A GOM CP20/
MV55x44 panel was employed for the setup’s calibration. The
recorded sequences were post-processed with GOM Correlate Pro-
fessional software to evaluate the deformation of the samples’ sur-
face until failure occurred.

2.3. Numerical analysis

To assess the elastic performance of each cellular solid numer-
ically, an Ansys FE implicit model was developed1. Two approaches
were used for numerical analysis: the solid-element model (SE) and
the homogenized representative volume element model (H-RVE). In
both cases, two rigid bodies were first created on the top and bottom
faces of the specimens to represent compression test plates. Dis-
placements and rotations were restricted to fix the bottom plate,
while a 0.1 mm displacement was imposed on the upper plate along
the loading testing direction. A Normal Stiffness Factor (FKN) was
included in the contacts’ definition to reproduce the phenomenon
of elastic asymmetry [72]. This factor was calibrated with the exper-
imental data from Solid ± 45� infill samples, obtaining a FKN factor of
0.050. Next, frictional contacts with asymmetric behavior were
defined between the cellular pattern and the plates, with a friction
coefficient of 0.42. In addition, augmented Lagrange formulation
with a penetration tolerance of 0.1 mm was activated, and ramped
effects were permitted. The reaction force was finally calculated on
the bottom surface to determine the stiffness of the cellular pattern.
In every case, both displacement and load values were stored for
every intermediate step of the simulation until the convergence of
the model was reached. Finally, the numerical elastic moduli were
again determined using linear regression and the nominal external
dimensions of the sample.

For the SE approach, the CAD geometry of the cellular pattern
was imported and discretized with a body mesh method, employ-
ing higher-order 20-node SOLID186 elements of 0.50 mm. The
mechanical properties of the PEI Ultem 3D printed material were
adopted from a previous comprehensive study [68], and are sum-
marized in Table 2.

The second approach aimed to validate a more computationally
efficient strategy for numerical analysis through a homogenized
RVE model [73,74]. First, each three-dimensional pattern’s unit cell
was numerically homogenized using Ansys Material Designer with
periodic boundary conditions, obtaining the performance compli-

Fig. 2. Appearance of a three-dimensional FFF cellular solid (B8) with the required
support structures for its manufacturing (left) and after the cleaning treatment with
the 20% v/v aniline in toluene solution (right).

Fig. 3. Experimental setup for compression tests, corresponding to the Specimen P8.

1 FE models were solved using the following hardware: AMD Ryzen Threadripper
2920X 12-Core Processor and RAM Memory 64 Gb DDR4 2133 MHz; License Solver: 4
Physical CPU Cores Used
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ance matrix of each cellular solid. Next, the cubic nominal volume
was also modeled with a body mesh method, employing the previ-
ously mentioned element type and size. Finally, the homogenized
performance tensors were introduced in the FE model, and the
effective elastic properties were applied to the cubic RVE for the
numerical analysis.

2.4. Degree of anisotropy

The degree of anisotropy quantifies the uniformity of the
mechanical performance of a material in all the orientations. Three
approaches have been adopted for comparative purposes to esti-
mate the degree of anisotropy: the Zener index [75], the Universal
anisotropy index [76], and the volume-based index proposed in
this work.

The Zener anisotropy index A, which was initially introduced to
measure the anisotropy of cubic crystals, can be directly computed
from the coefficients of their stiffness tensor (C) as:

A ¼ 2C44

C11 � C12
ð1Þ

where:

C ¼

C11 C12 C13 0 0 0
C22 C23 0 0 0

C33 0 0 0
C44 0 0

Sym: C55 0
C66

2

666666664

3

777777775

Physically, C44 represents the stiffness with respect to a shear-
ing stress applied across the (1,0,0) plane in the [0,1,0] direction.
Similarly, ðC11 � C12Þ=2 represents the resistance to shear deforma-
tion by shear stress applied across the (1,1,0) plane in the [1,-1,0]
direction (see Fig. 4). This calculation results in A values that range
from 0 to 1, depending on the coefficients of the stiffness tensor
(C), becoming A ¼ 1 for a locally isotropic solid since the above
shear resistances would be equal. Moreover, some authors prefer

to quantify the anisotropy as A�1 instead of A. Thus, and despite
the fact the Zener index has been recently applied in the field of

FFF cellular solids [6,77], other authors previously concluded that
A is restricted to cubic crystals and lacks universality [76], and

the Universal anisotropy index AU was proposed:

AU ¼ 6
5

ffiffiffi
A

p
� 1ffiffiffi

A
p

� �2

ð2Þ

AU is a single-valued measure whose null value stands for iso-
tropic behavior. However, A and AU assume that C11 ¼ C22 ¼ C33,
C12 ¼ C13 ¼ C23, and C44 ¼ C55 ¼ C66 in the stiffness tensor (C).
Thus, although three-dimensional cellular solids usually display
an apparent symmetry in the 3D space, these assumptions may
be questioned regarding the inherent anisotropy of AM-
fabricated patterns which has been widely reported, especially in
extruded-like designs [78,79]. Therefore, a more general and
robust method to quantify the anisotropy of additively manufac-
tured cellular solids should contribute to the development of func-
tional designs that can be implemented in fully end-parts.

Accordingly, a novel degree of anisotropy index AV is proposed
in this work based on the ratio between the volumes of the graph-
ical representation of the whole stiffness tensor and the corre-
sponding isotropy circumscribed sphere (see Fig. 5). This index
can only handle values from 0 to 1, being AV ¼ 1 perfectly isotropic.

2.5. Flexural validation test

Finally, to validate and compare both numerical approaches, the
performance of a two-dimensional pattern (Hexachiral), and a
three-dimensional Shell-TPMS design (Q) were experimentally
and numerically evaluated under a centered 3-point bending load
case. Tests were conducted using ZwickRoell Z030 30 kN equip-
ment, following the ASTM D790 standard [80]. The crosshead rate
was set to 3 mm/min. The sample’s nominal external dimensions
(20 � 20 � 200 mm) were considered to calculate stress and strain
data. In both cases, two repetitions were tested to validate the
experimental results.

3. Results and discussion

3.1. Compressive performance

Fig. 6 depicts representative stress–strain curves obtained
thought the experimental compression tests of the 3D printed
specimens. The data presented corresponds to the unit (ID1) and
the eight-cell (ID8) samples of lattice (E), Skeletal-TPMS (I), and
Shell-TPMS (Q) patterns with both solid and sparse infill
configurations.

As can be seen, depicted results are experimental evidence of
the pattern design’s influence on mechanical performance. More-
over, it should be noted that each cellular solid exhibits a similar

Table 2
PEI Ultem 9085 Quasi-Isotropic elastic properties and stress limits used in the solid-
element model (SE) [57].

Orthotropic Elasticity

Young’s Modulus x-direction (MPa) Esx 2121
Young’s Modulus y-direction (MPa) Esy 2121

Young’s Modulus z-direction (MPa) Esz 2126
Poisson’s Ratio xy msxy 0.344
Poisson’s Ratio yz msyz 0.392
Poisson’s Ratio xz msxz 0.392
Shear Modulus xy (MPa) Gsxy 630
Shear Modulus yz (MPa) Gs

yz 741

Shear Modulus xz (MPa) Gs
xz 741

Orthotropic Stress Limits
Tensile x-direction (MPa) rs

T;x 24.45
Tensile y-direction (MPa) rs

T;y 24.45

Tensile z-direction (MPa) rs
T;z 24.45

Compressive x-direction (MPa) rs
C;x �24.45

Compressive y-direction (MPa) rs
C;y �24.45

Compressive z-direction (MPa) rs
C;z �24.45

Shear xy (MPa) ssxy 25.72
Shear yz (MPa) ssyz 25.93
Shear xz (MPa) ssxz 25.93

Fig. 4. Diagrams of the shear stresses corresponding to C44 (left) and ðC11 � C12Þ=2
(right) that are evaluated for the calculation of the Zener anisotropy index (A).
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stiffness regardless of the unit cell’s dimensions when its geometry
is perfectly scaled (see solid examples E and I). On the contrary, in
those specimens where wall thickness was kept fixed at two con-
tours (see example Q), the elastic modulus of Specimen ID8 approx-
imately doubles the corresponding unit-cell sample, as the first one
is denser and exhibits a larger effective area. Furthermore, the
stress–strain curves confirm that the bigger the unit cell is, the
higher the yield and maximum stress the structure reaches. Hence,

although scaling the cell size may not influence the stiffness prop-
erty, the FFF toolpaths that constitute the resulting part must be
considered. Thus, using tiny unit cells in this AM technology can
lead to the appearance of multiple infill voids that might become
stress concentrators as the 3D printing equipment resolution is still
limited.

Major variations arise when comparing the performance of the
solid and the sparse infill samples. In particular, when sparse infill
is used in patterns formed by larger unit cells, the infill setting has
a more significant impact on the structures’ mechanical behavior,
as expected. This point is related to the fact that having too narrow
areas in the cross-section disables sparse infill in favor of solid infill
in the affected areas. Accordingly, as pointed out when the relative
density data was presented (see Section 2.1), many of the Speci-
men ID8 samples are practically solid despite using the sparse infill
setting in the slicer software. This fact is noticeable on stress–
strain curves from samples E and I. As shown, sparse infill in Spec-
imens ID1, which have thicker unit cells than Specimens ID8, leads
to a more significant decrease in the elastic modulus, the maxi-
mum strength, and the total absorbed energy before the first fail-
ure (FF) occurs.

Fig. 7 depicts the results of the experimental compression per-
formance of the three-dimensional cellular solids in terms of the
relative density (left) and the time required for the fabrication
(right). Experimental data of PEI Ultem two-dimensional patterns
from a previous research [54], which were fabricated and tested
employing the same methodology described in the present study,
is overlapped for comparison.

The mechanical performance of families E, M, and Q is high-
lighted in each plot as representative patterns of lattice, Skeletal-
TPMS, and Shell-TPMS typologies, respectively. Depicted results
allow several conclusions to be drawn. On the one hand, cell geom-
etry design leads to different dimensions and orientations of the
resistant sections. This fact explains the differences in the results
on the vertical axis within specimens of similar relative density
in the charts in the left column. On the other hand, the elastic mod-
ulus, the compression strength at failure, and the energy absorp-
tion efficiency are significantly superior to that obtained by two-
dimensional patterns in the in-plane cell’s orientation for an equiv-
alent relative density. This difference is mainly attributed to the
material’s distribution in their cross-section and the presence of
manufacturing defects. That is, as the two-dimensional designs
have mainly closed cells and were printed with the thinnest
wall-thickness possible of one single contour, the filament paths
create numerous discontinuities (intra-layer defects), resulting in
manufacturing imperfections that compromise the load-bearing
capacity and energy absorption efficiency. In contrast, the three-
dimensional patterns show a wide range of wall thicknesses
depending on the chosen cell design, which are manufactured with
multiple filament contours. Hence, the material’s deposition is con-
centrated in stronger sections while keeping the same relative den-
sity and employing continuous filament paths, which favors the
reduction of defects between joints and significantly improves
the load capacity and energy absorption efficiency. For these rea-
sons, deposition imperfections become more critical for the
mechanical performance of 2D patterns than in 3D designs since
an inaccurate union of the cells (intra-layer defects) of the former
results in an earlier breakage. Therefore, as the absorbed energy
efficiency results have been reported up to the first failure of the
specimens, thin-walled two-dimensional morphologies are less
efficient in absorbing energy than three-dimensional alternatives,
despite exhibiting equivalent relative densities. However, none of
the three-dimensional specimens displayed a stiffness higher than
the one achieved with two-dimensional patterns’ in the out-of-
plane arrangement (perpendicular to the printing plane). This fact
is explained because 3D patterns mainly work under bending

Fig. 5. Volumetric representation of the RVE stiffness tensor corresponding to the
family M, and the isotropic circumscribed sphere. The ratio of these two volumes is
the AV anisotropy index.

Fig. 6. Stress–strain representative curves obtained from the experimental com-
pression tests performed on the cellular solids patterns.
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stress, thus showing a more flexible performance, while compres-
sion stresses in 2D patterns produce the buckling of the cell walls.

Despite dispersion, scatter plots a, b, and c in Fig. 7 show a
trend between mechanical performance and the relative density
of the samples, as expected. Focusing on maximizing the mechan-
ical properties (y-axis) and minimizing the weight of the struc-

tures (x-axis), an in-depth analysis of these charts provides
relevant information to determine which cell typologies stand
out. Accordingly, experimental evidence states that the Shell-
TPMS designs proved to be the most efficient ones, followed by
the Skeletal-TPMS and, finally, the lattice configurations. Further-
more, paying attention to the fabrication process, the scatter plots

Fig. 7. Experimental results of the elastic modulus (a, d), compression strength (b, e) and energy absorption efficiency (c, f) in terms of relative density and manufacturing
time for each cellular solids pattern.
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d, e, and f show that the Shell-TPMS designs require less than half
the fabrication time as the other cell patterns. This fact is
explained by the need to use support structures to fabricate the
other patterns, which involve a time-consuming material deposi-
tion sequence.

Accordingly, the Shell-TPMS designs allow the fabrication with-
out support structures, which means that the FFF equipment does

not need to perform the material change sequence, and a consider-
able amount of time is saved by avoiding purging steps. However,
despite requiring purging steps, Skeletal-TPMS and lattice designs
still can compete in manufacturing time against two-dimensional
patterns. Fig. 7 highlights that three-dimensional designs offer bet-
ter mechanical performance than two-dimensional patterns
employing the same amount of time for construction.

Fig. 8. Comparison of the experimental performance of the 2D [57] and 3D FFF cellular solids with materials database adapted from CES EduPack 2019, ANSYS Granta � 2020
Granta Design, with permission.
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3.2. Comparative performance

Experimental results have been represented in Fig. 8 to compare
the structural performance of the FFF cellular solids patterns in
terms of stiffness, compression strength, and density. In addition,
results from available PEI Ultem two-dimensional cellular solids

are included in a gray shaded area, as well as the mechanical prop-
erties of other materials from the Ansys GRANTA EduPack data-
base, for comparison. As shown, the performance of cellular
solids is contained in the range of foams and natural materials.
However, the three-dimensional designs cover a different region
from the two-dimensional ones.

Fig. 9. Comparison results of the numerical solid-element model and experimental data of ten representative cellular solids tested under compression load. The first and
fourth rows correspond to the experimental displacement field obtained via digital image correlation. The second and fifth rows are the analogous numerical displacement
fields, while the third and sixth rows display the numerical Von Mises stress before the specimen’s failure.
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Both charts in Fig. 8 contain black square dots representing the
reference PEI Ultem material properties processed in FFF
(Solid ± 45�with 100% infill density). Focusing on the top chart, cel-

lular patterns display lower elastic modulus than the solid refer-
ence, attending to the fact that less material is used. On the
other hand, regarding the wide spectrum of the achieved results,
the cell’s design plays an important role on the mechanical proper-
ties and density of the pattern, as was intended to demonstrate. As
previously noticed in Fig. 7, when samples of similar densities are
compared, three-dimensional patterns exhibit intermediate stiff-
nesses between two-dimensional designs’ in-plane and out-of-
plane behaviors. In particular, while their elastic moduli are not
too far from the results achieved with the optimum out-of-plane
orientation of two-dimensional designs, the in-plane performance
is improved by up to two orders of magnitude. Therefore, three-
dimensional designs tend to reduce the orthotropy of the cellular
solid, as will be further discussed in Section 3.4.

The bottom chart in Fig. 8 allows the comparison of the different
materials in terms of compression strength and density. It should
be noted that out-of-plane compression strength results from
two-dimensional cellular solids are not reported in the literature,
hence not included. Overall, when similar densities are examined,
depicted results state that the compression strength of the three-
dimensional designs is significantly higher than the in-plane
strength of the two-dimensional cell designs. This experimental
evidence is explained by the fact that 3D geometries behave
stretch-dominated while 2D behave bending-dominated. More-
over, inherent manufacturing imperfections extensively reported
in [54] create discontinuities in the cell-wall connections, which
proved to have dramatic effects on the performance of two-
dimensional cellular solids. In contrast, three-dimensional cell pat-
terns proved to be less prone to manufacturing defects.

3.3. Numerical analysis

Firstly, the numerical results obtained with the SE approach are
discussed. This model offers a shorter setup and accounts for geo-
metric details from the cellular solids while considering edge

Fig. 10. Comparison of the accuracy of the solid-element and homogenized RVE
numerical models in constrast to experimental data.

Fig. 11. Homogenized stiffness tensor representations for each of the studied patterns (see 6). Two-dimensional cellular designs (Hexagonal and Hexachiral) are included for
comparison.
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effects. Nevertheless, it presents a major drawback of being very
computationally expensive. Fig. 9 compares the numerical and
experimental data of ten representative cellular solids tested under
compression load. The first and fourth rows correspond to the
experimental displacement field obtained via digital image corre-
lation (DIC) for a 1 mm (2.5% of strain) compression displacement
along the perpendicular axis to the printing plane. Deficiencies
observed in the displacement field are due to limitations in recog-
nizing the stochastic pattern sprayed on the surface of the samples,
particularly on regions not visible to one of the cameras (see spec-
imens P and Q). The second and fifth rows are the analogous
numerical displacement fields, while the third and sixth rows dis-
play the numerical Von Mises stress before the specimen’s failure.
In addition, the experimental and numerical stiffness moduli are
indicated below each image, corresponding to the results obtained
from compression tests and employing the SE model, respectively.
In general, the numerical results agree with experimental values as
well as with reference material data [81], thus validating the
numerical model.

Von Mises stresses show different trends between cellular pat-
terns, particularly on Shell-TPMS designs (see specimens P and Q).
Overall, the identified areas of stress concentration match the
experimental failure regions of the cellular solids. Note that walls
in Shell-TPMS designs are not self-intersecting surfaces, hence
avoiding joints and discontinuities in filament deposition. This fact
favors the stress distribution and improves the mechanical perfor-

mance of the cellular structure, thus confirming the experimental
evidence.

Secondly, a much more computationally efficient alternative to
simulate cellular structures is implementing the H-RVE model.
Specifically, the effective and homogenized elastic properties of a
RVE are used to define the behavior of the cellular structure which,
in this case, is simplified into a completely solid model that covers
the cubic envelope of the sample. Thus, it is a remarkably robust
method to simulate cellular solids regardless of their geometrical
complexity, density, and cell dimensions, reducing the meshing
process complexity considerably.

However, implementing the H-RVE approach for simulating
periodic structures has certain drawbacks that must also be con-
sidered. On the one hand, it is only suitable for uniform repetitive
geometries, as the effective RVE properties are supposed to be con-
stant throughout the volume. On the other hand, this approach
requires computing more steps since a homogenization of the unit
cell has to be performed before addressing the whole design. More-
over, this numerical analysis tends to be less accurate than the SE
method because neither edge effects nor stress concentrations are
considered due to the simplification of the model.

The accuracy of both numerical methods is presented in Fig. 10,
where the values of the estimated elastic moduli of each cellular
solid are compared with the experimentally determined ones. A
regression line is fitted to each numerical approach, and the coef-
ficient R2 is given to quantify the degree of correlation. As can be

Table 3
Results of three indices to quantify the degree of anisotropy of each cell pattern.

Specimen ID AV A[6,75,77] AU[79] Relative
density (%)

Elastic modulus (MPa) Compression strength
at FF (MPa)

Energy absoroption efficiency
at FF (J/cm3)

S8 0.997 0.999 0.000 21.7 105 ± 0 4 ± 0.0 908 ± 8
S1 0.966 1.030 0.001 11.7 47 ± 3 1.1 ± 0.0 184 ± 5
P1 0.950 1.051 0.003 8.0 14 ± 4 0.5 ± 0.1 235 ± 15
P8 0.911 1.087 0.008 16.0 82 ± 2 3.6 ± 0.1 1019 ± 60
R8 0.876 1.141 0.021 30.9 143 ± 1 7.3 ± 0.1 1733 ± 28
E8 0.829 1.204 0.041 31.5 188 ± 21 9.4 ± 1.2 1722 ± 598
E1 0.827 1.207 0.042 30.3 152 ± 3 10 ± 0.1 3209 ± 55
R1 0.820 1.220 0.047 16.3 52 ± 2 2 ± 0.1 511 ± 3
F1 0.632 1.641 0.301 30.3 136 ± 1 8 ± 0.1 1924 ± 77
F8 0.631 1.633 0.294 30.2 138 ± 4 7.7 ± 0.2 1775 ± 67
A1 0.611 0.709 0.144 27.1 96 ± 12 2.8 ± 0.1 234 ± 34
A8 0.610 0.709 0.143 27.8 124 ± 2 3.5 ± 0.2 305 ± 34
I1 0.606 1.653 0.310 23.7 52 ± 1 2.6 ± 0.2 664 ± 103
I8 0.605 1.639 0.299 23.6 53 ± 1 2.9 ± 0.2 863 ± 28
O1 0.590 1.843 0.463 46.1 211 ± 6 11 ± 0.6 1252 ± 182
O8 0.589 1.852 0.470 47.3 216 ± 32 9.9 ± 1.6 914 ± 163
J1 0.585 1.812 0.437 20.7 50 ± 2 2.4 ± 0.1 635 ± 143
J8 0.582 1.791 0.419 23.7 58 ± 0 3.4 ± 0.3 873 ± 95
Q8 0.570 0.682 0.178 19.4 154 ± 2 6.9 ± 0.1 1927 ± 12
G1 0.548 2.070 0.664 30.7 80 ± 4 4 ± 0.3 601 ± 134
G8 0.547 2.101 0.693 31.0 92 ± 2 5.3 ± 0.2 1350 ± 26
H8 0.524 2.419 0.998 25.5 43 ± 1 2.2 ± 0.0 545 ± 103
H1 0.523 2.411 0.991 20.9 40 ± 1 1.8 ± 0.0 331 ± 5
C1 0.523 2.294 0.876 21.3 45 ± 0 2.4 ± 0.1 554 ± 18
C8 0.521 2.347 0.927 26.3 57 ± 0 2.8 ± 0.0 741 ± 31
K8 0.520 2.313 0.894 24.6 58 ± 0 4 ± 0.0 1243 ± 34
K1 0.519 2.327 0.908 24.6 33 ± 3 2 ± 0.4 496 ± 164
Q1 0.508 0.590 0.342 9.8 61 ± 5 1.7 ± 0.0 429 ± 2
T8 0.503 2.611 1.193 11.8 26 ± 0 1.1 ± 0.0 507 ± 28
B1 0.494 2.656 1.239 13.2 8 ± 0 0.5 ± 0.0 263 ± 5
B8 0.491 2.597 1.179 13.4 8 ± 0 0.6 ± 0.0 352 ± 5
T1 0.473 3.271 1.892 5.8 1 ± 0 0.1 ± 0.0 158 ± 46
M1 0.392 0.290 2.091 29.8 293 ± 1 13.3 ± 1.5 8302 ± 1451
M8 0.391 0.289 2.103 29.9 240 ± 12 12.7 ± 0.4 6125 � 257
D8 0.385 0.126 7.285 18.2 86 ± 1 3.5 ± 0.2 493 ± 94
D1 0.365 0.124 7.415 18.4 73 ± 4 2.7 ± 0.1 337 ± 13
N1 0.365 0.184 4.351 26.8 95 ± 3 6.9 ± 0.3 8710 ± 1477
N8 0.364 0.184 4.351 27.2 101 ± 3 2.5 ± 0.0 339 ± 17
L1 0.360 0.181 4.443 23.4 221 ± 19 18.1 ± 0.0 17764 ± 690
L8 0.360 0.182 4.413 23.6 212 ± 3 10.7 ± 0.1 1887 ± 51
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seen, both models tend to underpredict the cellular stiffness, but
the best fit corresponds to the SE model, even though the H-RVE
model leads to huge computational time savings.

3.4. Degree of anisotropy

The geometric complexity of cell pattern designs, which
strongly influences mechanical performance, is linked to the
degree of anisotropy. To better illustrate the concept of degree of
anisotropy, Fig. 11 depicts the stiffness tensor representations for
each of the studied patterns. This graphical depiction allows visu-
alization of the effective elastic modulus in each direction of the
space. Thus, the more spherical this graphic is, the more isotropic
the cellular pattern performs. These plots are obtained by rotating
the homogenized stiffness tensor about the three global coordinate
axes, as detailed in Appendix B. The tensor representations of two
two-dimensional cellular designs (Hexagonal and Hexachiral) have
also been included for comparison.

A first qualitative analysis of these results confirms the influ-
ence of the patterns’ geometry on the degree of anisotropy. Firstly,
there is a noticeable difference between the results of two and
three-dimensional cellular solids. The extruded-like geometry of
the firsts gives them a high out-of-plane stiffness, while the rigidity
in the other planes is compromised. The three-dimensional designs
provide balanced stiffness in orthogonal directions, making the
graphical representation of the tensor less direction-dependent.
Secondly, the arrangement and orientation of the cells, together
with the density of the pattern, directly affect the dimensions
and orientations of the resistant sections, thus conditioning the
performance, as previously verified by experimental tests.

Three approaches were used for comparative purposes to quan-
tify the degree of anisotropy: the Zener index A, the Universal ani-
sotropy index AU , and a novel proposed volume-based index AV .
Results of three indices are collected in Table 3. According to the
AV index, specimen IDs are sorted from the highest to the lowest
degree of isotropy achieved. In addition, results of the mechanical
behavior characterization have also been included. As observed,
the cell patterns S, P, R, and E present the highest isotropic behav-
ior, agreeing with the results depicted in Fig. 11. As can be seen, the

reported values highlight the instability of the other indices, AU and
particularly A, to sort the different designs according to their aniso-
tropy degree accurately. In detail, the three indices coincide in the
first few patterns, but from the ninth row onwards, the degree of
anisotropy obtained by the different indicators diverges signifi-
cantly. It is explained by the fact that the AV index is determined
employing the whole stiffness tensor, considering the inherent ani-
sotropy of the AM patterns, in contrast to the AU and A indices.

Fig. 12 depicts the experimental results of the stiffness and

specific strength against the degree of anisotropy index AV . Note
that axes are presented in logarithmic scale, and comparison lines

are included based on the design criteria E=AV , E�1=2=AV , and
E�1=3=AV . As can be noticed, the three inspected typologies of solid
cellular families occupy distinguishable regions in both graphs. The
main differences are observed between skeletal and Shell-TPMS
patterns. Overall, the former exhibits a superior mechanical perfor-
mance, while the latter shows higher isotropy. Meanwhile, lattice
designs are mainly located in the central area of both plots. In addi-
tion, the results also allow determining the effect of cell size. As
shown, some geometries have the same anisotropy index, regard-
less of cell size. However, it does not happen in those specimens
where wall thickness was kept fixed at two contours (patterns P
to T), where the relative density of Specimen ID8 is double the
one corresponding to ID1, and the elastic modulus of Specimen
ID8 has approximately doubled the corresponding unit cell sample

(see example Q) due to the fact that the first one is denser, hence
exhibiting a larger effective area. Finally, this comparison high-
lights the mechanical behavior of the Shell-TMPS type patterns,
which is added to the advantages in manufacturing time presented
above.

3.5. Validation test

Finally, to validate and compare both numerical approaches, the
behaviors of a two-dimensional pattern (Hexachiral) and a three-
dimensional Shell-TPMS design (Q) were experimentally and
numerically evaluated under a centered 3-point bending load case.

The numerical and experimental results of both solid cellular
patterns are represented in Fig. 13. The left-hand column corre-
sponds to the two-dimensional Hexachiral pattern and the right-
hand column to the three-dimensional Shell-TPMS pattern. The
depicted results of each pattern were evaluated when failure
occurred. The provided numerical plots show the total displace-
ment and the Von Mises stress obtained results for both patterns
employing the SE and the H-RVE approaches, respectively. In addi-

Fig. 12. Experimental results of the specific elastic modulus and compression
strength against the degree of anisotropy index AV of each cellular pattern (see
Fig. 1 and Table 1).
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tion, the experimental stiffness of each pattern is included together
with the values calculated using both FE methods. Lastly, other
model details including the computational time and size are
provided.

The numerical stiffness values agree with the experimental
result for both types of cellular solids. The higher divergence is
observed in the H-RVE approach, which is attributed to the simpli-
fication of the homogenized model. Regarding this model, the dis-
placement results from the Hexachiral pattern analysis are
satisfactory. However, the bending-torsion coupling effect
observed in the Diamond pattern is not identified. Note the slightly
different stress field on the surrounding area of supports. Similarly,
as displayed on the Von Mises stress plots, the stress concentrators
are not captured in the homogenized model. Therefore, only effec-
tive stress values can be determined if this approach is imple-
mented. Note the difference between the maximum Von Mises
stresses results obtained with the H-RVE and SE methods. Never-

theless, despite these points, the accuracy of the numerical results
confirms the capability of both approaches to reproduce the elastic
behavior of cellular solids with adequate confidence.

4. Conclusions

This work presents comprehensive research on the mechanical
performance of additively manufactured three-dimensional light-
weight cellular solids, including open-cell and closed-cell patterns
with different cell sizes and infill densities. The paper provides
experimental evidence on the differences over two-dimensional
designs in terms of stiffness and strength while attending to man-
ufacturing aspects such as printing time, proving that the elastic
modulus, the compression strength, and the energy absorption
efficiency are significantly superior to that obtained by two-
dimensional patterns in the in-plane cell’s orientation for an equiv-

Fig. 13. Validation results of solid-element and homogenized RVE numerical models for Hexachical (left) and Diamond (right) cellular patterns.
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alent relative density. The control of the examined engineering
parameters allows producing lightweight structures with an
extensive spectrum of specific stiffness and strength, starting from
the intrinsic properties of a single material. Experimental evidence
states that the Shell-TPMS designs proved to be the most efficient
cellular pattern, followed by the Skeletal-TPMS and, finally, the lat-
tice configurations. Regarding the fabrication process, results
showed that the Shell-TPMS designs require less than half the fab-
rication time of the other cell patterns.

Two validated strategies for simulating the elastic behavior of
cellular solids have also been presented, comparing their accuracy
and computational requirements. In short, the homogenized repre-
sentative volume element approach (H-RVE) has computational
advantages (90% less time) but does not allow the simulation of
local effects on the cell walls. In contrast, the solid-element
approach (SE) can simulate the elastic behavior satisfactorily,
including local effects, but at a higher computational cost. In par-
ticular, this approach successfully identified the stress concentra-
tion regions of the lattice and Skeletal-TPMS patterns where
experimental failure occured. In addition, the obtained results
proved that the morphology of Shell-TPMS designs favors a more
homogeneous stress distribution, which improves the mechanical
performance of the cellular structure.

Moreover, the novel method for quantifying the isotropy of the
additively manufactured cellular solids presented, based on the
graphical representation of the homogenized stiffness tensor,
allows comparing the degree of anisotropy of the complex struc-
tures in a more robust way, regarding important aspects such as
the inherent anisotropy of additively manufactured components.

Lastly, the obtained results highlight how pattern design
impacts the cellular solids’ density and mechanical behavior. Thus,
an accurate adjustment of the unit cell shape can lead to structures
with equivalent densities but with very contrasting performances.
This fact is illustrated by the significant differences that emerge
between the performance that can be achieved with two-
dimensional and three-dimensional cellular solids. In particular,
the geometric homogeneity in the 3D space of many considered
patterns results in a higher degree of isotropy in contrast to the
one that is exhibited by the extruded-like designs. Overall, the
gathered experimental and numerical data states the advances in
mechanical performance and isotropy that implementing three-
dimensional designs brings, compared to the more classical two-
dimensional patterns.
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Appendix A. Generation methods of TPMS cellular solids

All Skeletal-TPMS and Shell-TPMS designs analyzed in this
research were generated with TPMSgen [70] from the correspond-
ing mathematical equation presented below:

J ! sin xð Þ � cos yð Þ þ sin yð Þ � cos zð Þ þ sin zð Þ � cos xð Þ ¼ 1 ðA:1Þ

K ! cos xð Þ � cos yð Þ � cos zð Þ þ sin xð Þ � sin yð Þ � sin zð Þ ¼ 1
2

ðA:2Þ

M ! cos xð Þ þ cos yð Þ þ cos zð Þ ¼ 1
2:5

ðA:3Þ

N ! cos xð Þ þ cos yð Þ þ cos zð Þ ¼ 1
1:5

ðA:4Þ

O ! 2 � cos xð Þ � cos yð Þ þ cos yð Þ � cos zð Þ þ cos zð Þ � cos xð Þ½ �
� cos 2xð Þ þ cos 2yð Þ þ cos 2zð Þ½ � ¼ 1 ðA:5Þ

P ! sin xð Þ � cos yð Þ þ sin yð Þ � cos zð Þ þ sin zð Þ � cos xð Þ ¼ 0 ðA:6Þ

Q ! sin xð Þ � sin yð Þ � sin zð Þ þ sin xð Þ � cos yð Þ � cos zð Þ
þ cos xð Þ � sin yð Þ � cos zð Þ þ cos xð Þ � cos yð Þ � sin zð Þ ¼ 0 ðA:7Þ

R ! sin 2xð Þ � cos yð Þ � sin zð Þ þ sin xð Þ � sin 2yð Þ � cos zð Þ
þ cos xð Þ � sin yð Þ � sin 2zð Þ � cos 2xð Þ � cos 2yð Þ
� cos 2yð Þ � cos 2zð Þ � cos 2zð Þ � cos 2xð Þ þ 0:3 ¼ 0 ðA:8Þ

S ! 1:1 � sin 2xð Þ � cos yð Þ � sin zð Þ þ sin xð Þ � sin 2yð Þ � cos zð Þ½
þ cos xð Þ � sin yð Þ � sin 2zð Þ� � 0:2 � cos 2xð Þ � cos 2yð Þ½
þ cos 2yð Þ � cos 2zð Þ þ cos 2zð Þ � cos 2xð Þ�
� 0:4 � cos 2xð Þ þ cos 2yð Þ þ cos 2zð Þ½ � ¼ 0 ðA:9Þ

T ! cos xð Þ þ cos yð Þ þ cos zð Þ ¼ 0 ðA:10Þ

Appendix B. 3D representation of the stiffness tensor

The following steps allow obtaining the graphical representa-
tion of the homogenized stiffness tensor (CH) of the RVE of a cellu-
lar solid, expressed in Voigt notation and referenced to the global
XYZ coordinate system.

First, the generalized Hooke’s law for continuous media is
expressed as:

r ¼ CH � e ðB:1Þ
where r and e are the stress and strain tensors referenced to the
global XYZ coordinates, respectively.

A rotation around the x-axis (a), y-axis (b), and z-axis (c) can be
introduced to evaluate the stress and strain tensors rabc and eabc
as:

rabc ¼ Lrabc � r

eabc ¼ Leabc � e
ðB:2Þ

where Lrabc and Leabc are the bond-stress and strains transformation
matrices, which are determined from the rotation matrix Q and
classical rotation matrices Rx, Ry , and Rz as detailed in B.3.where:
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Qij corresponds to the element located in row i and column j
in Q .

Q ¼ Rx � Ry � Rz

Rx að Þ ¼
1 0 0

0 cosðaÞ � sinðaÞ
0 sinðaÞ cosðaÞ

2

64

3

75

Ry bð Þ ¼
cosðbÞ 0 sinðbÞ

0 1 0

� sinðbÞ 0 cosðbÞ

2

64

3

75 Rz cð Þ ¼
cosðcÞ � sinðcÞ 0

sinðcÞ cosðcÞ 0

0 0 1

2

64

3

75

Substituting Eqs. (B.2) into Eq. (B.1), the following expression
Eq. (B.4) is obtained:

rabc ¼ Lrabc � CH � Le�1
abc � eabc ðB:4Þ

Then, the effective stiffness tensor in a specific orientation (CH
abc)

can be determined as:

CH
abc ¼ Lrabc � CH � Le�1

abc ðB:5Þ

At this point, the corresponding compliance tensor SH
abc can be

directly calculated by inverting CH
abc. Thus, for example, taking

the global x-axis reference, the effective Young’s modulus Eabc is:

Eabc ¼ 1
SHabc11

ðB:6Þ

where SHabc11 is the first term of the effective compliance tensor SH
abc.

Finally, the graphical representation of the homogenized stiff-
ness tensor can be plotted with the sequential computation of dif-
ferent rotation angles a, b, and c. Each combination will rotate the
tensor and evaluate the effective stiffness in a particular examined
direction dabc:

dabc ¼ Q �
1
0
0

2

64

3

75 ðB:7Þ

Accordingly, given an orientation dabc and the corresponding
effective Young’s modulus Eabc, the coordinates x , y, and z, of a
point in the graphical representation of the stiffness tensor are
obtained as:

x ¼ Eabc:dabc1
y ¼ Eabc:dabc2
z ¼ Eabc:dabc3

8
><

>:
ðB:8Þ
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Abstract

This study focuses on advancing sandwich structures by designing and fabricating complex two- and three-dimensional cellular
cores combined with Carbon Fiber Reinforced Polymer (CFRP) skins. Numerical analysis is used to investigate the impact of core
design and density on the bending performance. Optimal configurations are identified and experimentally validated. Professional
Fused Filament Fabrication (FFF) equipment with a heating chamber is employed for manufacturing the core samples to enhance
layer cohesion and material joint stiffness. A high-performance technical polymer with a superior strength-to-weight ratio is
employed to maximize structural capabilities. Hybrid sandwich structures with PEI Ultem cellular cores demonstrate stiffness
and strength comparable to reference materials, outperforming foam cores while slightly trailing behind Nomex® and aluminum
honeycombs. In addition, the results demonstrate more efficient cell morphologies achievable through additive manufacturing
technologies, surpassing the hexagonal design. This work provides valuable insights into hybrid composite materials and the
potential of additive manufacturing in creating lightweight, high-performance sandwich panels.

Keywords: Sandwich structures, Cellular solids, 3D printing, Fused Filament Fabrication, Mechanical performance, Ultem

1. Introduction

Over the years, significant advancements in materials and
manufacturing techniques have improved structures’ perfor-
mance and functionality. One notable innovation was sand-
wich composites, which consist of two thin, rigid faces and a
lightweight, thick core. This configuration offers exceptional
specific stiffness and impressive flexural strength [1], making
sandwich structures versatile solutions with widespread appli-
cations in land, maritime, aeronautical, and aerospace trans-
portation sectors [2, 3]. However, the proper arrangement is vi-
tal for achieving the desired panel performance [4]. The core’s
material and structure play a crucial role, providing increased
inertia, supporting shear stresses, and reducing the density of
the composite panel [5]. Strategically choosing the core ma-
terial optimizes properties such as rigidity, impact resistance,
and thermal conductivity, allowing the sandwich structure to be
tailored to specific application requirements.

Nature has served as a source of inspiration for devel-
oping sandwich core materials, resulting in innovative de-
signs and enhanced performance [6–8]. For instance, open
and closed-celled foams, inspired by the intricate network of
trabecular bone, have found widespread use in construction
for their excellent insulation properties [9–13]. Furthermore,
patented manufacturing processes have enabled the replication
of bees’ hexagonal honeycombs, featuring thin walls composed
of lightweight materials like Nomex® (meta-aramid fiber) or
aluminum. These honeycombs exhibit exceptional heat and
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flame resistance and high strength-to-weight ratios [14–18],
making them ideal for aerospace applications [19, 20]. Never-
theless, the limitations of conventional manufacturing methods
have hindered the advancement of bio-inspired core designs.

The current decade has witnessed a remarkable break-
through, primarily attributed to the rapid advancements in addi-
tive manufacturing (AM) technologies. These techniques have
undoubtedly pushed the boundaries of fabrication, enabling the
creation of intricate and highly complex structures with un-
paralleled precision and efficiency [21, 22]. As a result, bio-
inspired cellular solids have found feasible means of material-
ization through AM technologies [23–28].

In recent studies, several authors have explored the mechani-
cal behavior of AM sandwich structures utilizing cellular cores
and faces composed of a single material [29–34]. This inno-
vative approach eliminates the need for assembly and consoli-
dation during fabrication, allowing the entire panel to be pro-
duced using the same equipment. Such a streamlined produc-
tion process offers significant time and cost savings. These in-
vestigations have demonstrated the efficient distribution of ma-
terial within cellular designs, leading to substantial mass reduc-
tion while maintaining structural functionality under compres-
sion [35], flexural [36–40], and impact [41–43] loads. How-
ever, the current state of AM technologies limits the ability to
directly produce hybrid sandwich structures by combining dif-
ferent materials in the same fabrication process [44–46]. An
optimal combination would enable the utilization of the desir-
able properties of both components, such as the rigidity and
strength of the face material and the lightweight nature of the
cellular core.
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Anticipating future advancements, some researchers have be-
gun to explore the benefits of combining stiffer and denser faces
with AM cellular cores [47–49]. However, these studies have
primarily focused on a limited number of cellular designs with
outer skin reinforcement using alternative materials. Further
analysis is required to fully comprehend the potential revolution
that these arrangements can bring to the development and fab-
rication of lightweight sandwich panels. This analysis should
delve into the structural capabilities of each pattern, consider-
ing unexplored designs and additional factors like unit cell size,
the volume fraction occupied by the faces, and other manufac-
turing considerations.

This work aims to advance the field by focusing on designing
and fabricating a wide range of two- and three-dimensional cel-
lular cores with increased geometric complexity. These cores
are combined with Carbon Fiber Reinforced Polymer (CFRP)
skins to create hybrid sandwich structures. A numerical ap-
proach is utilized to assess the impact of core design and density
on the bending performance of the panels. Furthermore, opti-
mal configurations are identified and manufactured, in order to
experimentally validate the developed FE model.

In contrast to some prior research, this study utilizes pro-
fessional Fused Filament Fabrication (FFF) equipment with a
heating chamber, enhancing the cohesion between printing lay-
ers and improving the stiffness of the melted material joints.
Additionally, a high-performance technical polymer with an ex-
ceptional strength-to-weight ratio is employed to maximize the
structural capabilities of each cellular design.

The results are compared with the performance of reference
foam (polyurethane) and honeycomb (aluminum and Nomex®)
panels, contributing to the development of innovative design-
for-manufacturing strategies for lightweight cores in sandwich
structures.

2. Methodology

2.1. Cellular core designs

A comprehensive analysis was conducted considering mul-
tiple cellular designs to investigate the impact of cell geom-
etry and density on the bending performance of hybrid sand-
wich panels. Twelve two-dimensional patterns and seven
three-dimensional Triple Periodic Minimal Surface (TPMS) de-
signs, consisting of four Shell and three Skeletal structures (see
Fig. 2), were inspected. Careful selection of these designs was
based on prior research [50, 51], ensuring a wide range of cell
shape, arrangement, and density variations without the need for
support structures during FFF manufacturing.

Two-dimensional patterns, resembling extruded shapes, were
parametrically generated using SolidWorks. The intricate
TPMS cellular designs were derived from their mathematical
equations [51] using TPMSgen [52], an in-house open-source
software. Different CAD files for each cellular design were im-
plemented for the numerical analysis, as summarized in Fig. 3
and explained in subsequent sections. Furthermore, optimal
configurations were exported to STL file format and fabricated
for experimental testing to validate the simulation results.

A Stratasys Fortus 400mc 3D printer was used to prepare
the core specimens for conducting the bending tests on the hy-
brid structures. This professional FFF equipment features a
thermal chamber that maintains controlled ambient temperature
throughout the printing process, improving inter-layer adher-
ence between adjacent building layers and ultimately enhanc-
ing the overall strength [53]. Ultem™ 9085 (PEI Ultem) ma-
terial was chosen for manufacturing the cellular samples [54].
This high-performance technical polyetherimide offers excep-
tional stiffness- and strength-to-weight ratio, as well as high-
temperature and chemical resistance. Its FST (flame, smoke,
and toxicity) certification also makes it particularly suitable for
industrial sectors like aerospace. The manufacturing of the core
samples was conducted with an oven temperature of 195 °C,

 b 
 L 

 c  d 

 t 

Sandwich faces
(CFRP)

Cellular core
(PEI Ultem 9085)

Loading fixtures
with pressure padsASTM C393 Standard 3-Point Bending Configuration

Figure 1: Dimensional diagram of a hybrid sandwich panel for the 3-Point bending test according to ASTM C393 Standard. The core pattern corresponds to the
Diamond three-dimensional cellular design.
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Antitetrachiral Circular Hexachiral Hexagon

Lozenge Grids Re-Entrant Hex. I Re-Entrant Hex. II Rotachiral Sinusoidal Ligaments

TWO-DIMENSIONAL
CORE DESIGNS

Square Grids Tetrachiral Sparse

THREE-DIMENSIONAL
CORE DESIGNS

Gyroid

Diamond Split-P Schwarz Neovius Surface Schoen Gyroid

Schwarz Diamond

REFERENCE
CORE MATERIALS

Nomex® honeycomb PU250 Foam Aluminum honeycomb

Figure 2: FFF two- and three-dimensional cellular core designs considered for hybrid sandwich panels. Classical core materials were included as reference
configurations.

while the model extrusion temperature was set at 380 °C, ac-
cording to the technical specifications.

Two-dimensional patterns and Shell-TPMS designs were
printed with the minimum achievable wall thickness using the
AM equipment to explore the maximum potential for fabricat-
ing lightweight cellular cores. This resulted in a single contour
thickness of 0.508 mm for the two-dimensional patterns and
two contours (1.016 mm) for the Shell-TPMS designs. A layer
height of 0.254 mm was used for manufacturing all the speci-
mens.

2.2. Numerical approach
An Ansys FE implicit model was developed to assess the

impact of cellular design, density and sandwich arrangement
on the bending performance of the hybrid structure. Six rela-
tive density levels were examined for each core design, ranging
from 5% to 30% based on the cellular solid criterion [6] (see
Table 1). Due to their geometric complexity and the FFF man-
ufacturing process, cellular solids can exhibit different degrees
of anisotropy [51]. Therefore, a Representative Volume El-
ement (RVE) orthotropic approach was employed to mitigate
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Flexural moduli numerical results

Constant FEA 
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Figure 3: Flowchart of the methodological approach.

mesh generation issues and reduce the computational resources
required for simulating the flexural performance of the intri-
cate core designs. Numerical homogenization of the elastic

properties was performed on each cellular core using the An-
sys Material Designer module, considering periodic bound-
ary conditions, to obtain the effective orthotropic properties
of each pattern’s RVE. Additionally, the mechanical properties
of the sandwich faces were extracted from the manufacturer’s
datasheet [55], as outlined in Table 2.

A parametric static structural FE model was developed based
on the dimensions of the hybrid structure, including the core
thickness (c) and face thickness (t). The flexural behavior of the
composite panel was simulated, considering multiple sandwich
arrangements for each core design and density. Fourteen1 dif-
ferent f values (see Eq. 1) were analyzed, ranging from an iso-
lated core ( f = 0) to a full CFRP panel ( f = 1), while maintain-
ing a constant total panel height (d) of 20.572 mm, a width (b)
of 75 mm, and a support span (L) of 150 mm, thus resulting in
a total of 1596 simulated models. The FE model was simplified
to a quarter of the sandwich panel to optimize computational
efficiency. Therefore, two frictionless support boundary con-
ditions were introduced to designate the xz and yz symmetry
planes (see Fig. 4). The SOLID186 element type was used to
create meshes for both the core and faces, with divisions of 50,
40, and 8 elements along the x, y, and z-axis, respectively.

f = 2t/d (1)

Perfectly bonded unions between sandwich faces and core
were assumed. Round bending test supports were employed,
imposing a frictionless contact between them and the bottom

1Considered values of volume fraction of the nominal cross-section occu-
pied by sandwich faces ( f ): 0, 0.028, 0.056, 0.083, 0.139, 0.195, 0.278, 0.389,
0.473, 0.584, 0.667, 0.751, 0.862, 1.

Table 1: Relative density values of each two-dimensional and three-dimensional (Shell-TPMS and Skeletal-TPMS) cellular core design
considered for conducting the numerical approach and the experimental validation tests.

Cellular Core Design (see Fig. 2) Typology
Core Relative Density (%) a

Numerical Approach Experimental Tests
1 2 3 4 5 6 1 2 3

Antitetrachiral Two-dimensional 29.99 25.11 20.02 15.14 9.90 5.40 28.75 22.99 18.39
Circular Two-dimensional 29.67 25.11 20.02 15.14 9.90 5.40 28.73 18.10 9.14
Hexachiral Two-dimensional 29.58 24.69 20.11 15.14 9.95 5.38 28.50 24.45 21.71
Hexagon Two-dimensional 29.32 25.34 19.90 14.81 9.59 5.07 32.42 18.94 9.37
Lozenge Grids Two-dimensional 29.12 25.29 19.91 14.81 9.59 5.07 33.16 22.56 13.49
Re-Entrant Hexagon I Two-dimensional 29.61 25.03 19.54 15.12 10.68 4.98 32.74 18.39 9.46
Re-Entrant Hexagon II Two-dimensional 30.08 25.05 19.39 15.04 10.02 5.01 30.14 20.29 9.64
Rotachiral Two-dimensional 30.20 24.90 20.20 14.93 10.22 5.07 29.31 25.05 20.79
Sinusoidal Ligaments Two-dimensional 30.00 24.92 20.06 15.06 10.05 5.08 33.35 28.84 22.56
Square Grids Two-dimensional 30.02 25.23 20.32 15.07 10.13 5.13 33.90 28.92 20.56
Tetrachiral Two-dimensional 29.91 25.04 20.09 15.03 10.31 5.05 30.56 20.51 9.68
Sparse Two-dimensional 32.85 23.23 20.04 13.74 10.01 5.05 30.19 21.26 12.54

Gyroid Shell-TPMS 29.57 24.59 19.66 14.74 9.81 5.36 15.56 - -
Diamond Shell-TPMS 29.48 25.26 19.64 14.74 10.39 5.43 19.30 - -
Split-P Shell-TPMS 29.13 24.98 20.14 15.42 10.42 5.81 18.05 - -
Schwarz Shell-TPMS 30.03 25.60 19.17 15.68 9.59 5.75 11.84 - -
Neovius Surface Skeletal-TPMS 29.27 25.42 19.77 14.75 10.51 8.79 23.52 - -
Schoen Gyroid Skeletal-TPMS 29.67 25.17 19.70 15.05 9.74 5.29 23.64 - -
Schwarz Diamond Skeletal-TPMS 29.43 25.24 20.67 14.86 10.29 5.62 24.39 - -
a Experimental density measurement of Solid ±45º Ultem processed by FFF: 1.1457 g/cm3 (equivalent to 100% of core relative density).
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Table 2: CFRP PrePreg elastic properties used for the sandwich faces in the
FE model [55]. PEI Ultem solid ±45º infill elastic properties employed for
calibrating the FE model are included [53].

Orthotropic Elasticity

Description CFRP PrePreg PEI Ultem

Young’s Modulus x-direction (MPa) 119300 2121
Young’s Modulus y-direction (MPa) 8200 2121
Young’s Modulus z-direction (MPa) 8200 2126
Poisson’s Ratio xy 0.100 0.344
Poisson’s Ratio yz 0.340 0.392
Poisson’s Ratio xz 0.100 0.392
Shear Modulus xy (MPa) 59059 630
Shear Modulus yz (MPa) 3600 741
Shear Modulus xz (MPa) 59059 741

sandwich CFRP face. The Augmented Lagrange formulation
was activated with a penetration tolerance of 1 · 10−5 mm and a
Normal Stiffness Factor (FKN) of 0.01, as recommended for
bending test simulations. Lastly, a remote displacement of
1 mm was applied at the center of the top face of the sandwich
panel, coinciding with the yz-symmetry plane. The z compo-
nent of the reaction force on this boundary condition was eval-
uated to determine the stiffness of each sandwich structure.

2.3. Manufacturing of sandwich structures

Cores with various relative densities (see Table 1) were
fabricated and assembled with CFRP skins to experimentally
verify the hybrid sandwich structures’ bending performance.
The outer dimensions of the sandwich samples were set at
200 × 75 × 20.572 mm. The numerical results indicated an op-
timal arrangement with a f value of 0.028, which was selected
for implementation. Accordingly, the core thickness was set to
20 mm, while the faces were fabricated using a single layer of
Carbon Fiber Prepreg MTC510UD300-HS-33%RW 24K with
a thickness of 0.286 mm [56].

Sandwich skins were prepared in an OV301 Precision Bench-
top Curing oven following the manufacturer’s specifications2.
A vacuum bag was utilized to apply back pressure during
the process. Then, the additively manufactured cellular cores
and CFRP faces were assembled, and the hybrid sandwich
structures were consolidated. To achieve this, adhesive film
MTFA500 [57] was placed between the cellular core and
each CFRP face, following the appropriate curing procedure3.
A rectangular polytetrafluoroethylene (PTFE) plate, slightly
wider than the specimen dimensions, was positioned over each
sandwich panel to ensure uniform compression and prevent the
CFRP skins from puncturing the vacuum bag. Finally, the qual-
ity of the consolidated bond between the CFRP skins and the
FFF cellular core of each fabricated sandwich panel was in-
spected using an Evident Olympus BondMaster 600 Multimode
Bond Tester, ensuring that no skin-to-core debonding had oc-
curred.

2.4. 3-Point bending tests
The mechanical performance of the manufactured sandwich

panels was validated through experimental testing following the
ASTM C393 standard [58]. The 3-Point bending test configura-
tion was utilized, with a support span (L) of 150 mm (see Fig. 1)
and a crosshead speed of 6 mm/min, ensuring failure occurred
within 3 to 6 minutes for all specimens. Experimental tests were
conducted using ZwickRoell Z030 (30 kN) equipment. The de-
flection at the center of the specimen was measured using a laser
displacement sensor (see Fig. 5). To guarantee the accuracy of
the experimental results, two specimens per sandwich core de-
sign and density were fabricated and evaluated, thus resulting
in a total of 86 tested samples.

2Curing pressure: -0.90 bar. Curing conditions: 60 min at 120 ºC. Post-
curing conditions (Tg=130 ºC): 60 min dwell at 120 ºC.

3Curing pressure: -0.45 bar. Curing conditions: 60 min at 120 ºC. Post-
curing conditions (Tg=120 ºC): 60 min dwell at 120 ºC.

Fixed support

yz symmetry plane

xz symmetry plane

Bottom CFRP face

Top CFRP face

Cellular core
(homogenized RVE properties)

Vertical
displacement
(dz = –1 mm)

Fz reaction force 
measurement

z

x y

Figure 4: Representative FE model employed for simulating the bending performance of hybrid sandwich panels. Geometry corresponds to f = 0.278 arrangement.
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Table 3: Ultimate failure modes for sandwich panels tested under 3-Point bending.

Failure Identification Codes

First Character Second Character Third Character
Failure Type Code Failure Area Code Failure Location Code

Core crushing C At load bar A Core C
Skin to core delamination D Gage G Core-facing bond A
Facing failure F Multiple areas M Bottom facing B
Multi-mode M(xyz) Outside gage O Top facing T
Transverse shear S Various V Both facings F
Explosive X Unknown U Various V
Other O Unknown U

Nominal external dimensions of the specimens were consid-
ered to calculate effective stress and strain data. The results for
flexural modulus and maximum stress prior to first failure (FF)
were reported. Flexural moduli were determined by linear re-
gression, extracting data from the test results between 0.1% and
0.3% bending strain. The ultimate failure mode was also iden-
tified and reported for each test, following the standard identi-
fication codes presented in Table 3.

Figure 5: Experimental setup for conducting the bending tests of the hybrid
sandwich structures, corresponding to the sample with the Diamond Shell-
TPMS core design.

3. Results and discussion

3.1. Performance of hybrid sandwich structures

M.F. Ashby [59] introduced analytical expressions to esti-
mate the mechanical performance of sandwich panels. Specif-
ically, Eq. 2 evaluates the equivalent flexural modulus (Ẽ f lex)
based on the loading mode4, dimensions, and elastic properties
of its constituent materials (E f , Ec and Gc)5.

4In three-point bending with central load configuration, B1 = 48, B2 = 4,
B3 = 4, and B4 = 2.

5Subscripts c and f correspond to core and face materials, respectively.

1
Ẽ f lex

=
1

E f

[(
1 − (1 − f )3

)
+

Ec

E f
(1 − f )3

]+

+
B1

B2

(
d
L

)2 (1 − f )
12Gc

(2)

Similarly, different failure modes should be considered to de-
termine the equivalent flexural strength of the sandwich struc-
ture (σ̃ f lex) according to the compression and shear strengths of
its components (σ f , σc and τc). Therefore, multiple stress val-
ues can be calculated for different failure modes, such as face
yield (Eq. 3), face buckling (Eq. 4), core shear (Eq. 5), or face
indentation. These failure mechanisms compete, meaning the
one with the lowest load dominates.

σ̃ FY
f lex =

(
1 − (1 − f )2

)
σ f + (1 − f )2 σc (3)

σ̃ FB
f lex =1.14 f

(
E f · E2

c

)1/3
(4)

σ̃ CS
f lex =

B4

B3

[
4

L
d

(1 − f ) τc + f 2σ f

]
(5)

σ̃ f lex =min(σ̃ FY
f lex, σ̃

FB
f lex, σ̃

CS
f lex) (6)

Furthermore, the equivalent density of the sandwich structure
ρ̃ can be determined regarding the respective densities of its
constituent materials (ρ f and ρc) and the value of f as:

ρ̃ = fρ f + (1 − f )ρc (7)

Fig. 6 illustrates the different trends of analytical values for
flexural modulus (top) and strength (bottom) with respect to
the density of various sandwich panels under a 3-Point bend-
ing load case. Depicted points correspond to sandwich ar-
rangements with multiple f values ranging from 0 to 1, re-
garding three different material combinations (see Table 4): a
single-material arrangement (A) and two hybrid structures (B
and C). In all cases, the effective properties of a FFF Diamond
three-dimensional cellular design fabricated in PEI Ultem [51]
were considered for the core. However, the properties of the
same material printed in the ±45º solid configuration were em-
ployed in the skins of the single-material arrangement. Mean-
while, the two hybrid compositions involved faces additively
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Table 4: Core and face material properties of the different sandwich configurations considered in the analytical preliminary approach.

Core Material Properties Face Material Properties

Description ρc (kg/m3) Ec (MPa) Gc (MPa) σc (MPa) τc (MPa) Description ρ f (kg/m3) E f (MPa) σ f (MPa)

PEI Ultem
Diamond
Shell-TPMS [51]

222.3 154 59 6.9 2.6
(A) PEI Ultem [53] 1145.7 2121 24.5
(B) AM Continuous CF [60] 1400.0 60000 420.0
(C) CFRP PrePreg [55] 119300 1435.6 2282.0

manufactured with Continuous Carbon Fiber [60] or a stan-
dard unidirectional Carbon Fiber Reinforced Polymer (CFRP)
PrePreg [55], respectively. The total height of the sandwich
structure (d = 20.572 mm) and the support span (L = 150 mm)
remained constant for all calculations.

As observed, while single-material arrangements simplify
the manufacturing process, they significantly limit the potential
of cellular core designs in terms of stiffness and strength. On
the other hand, the direct production of the faces using the same
AM technology and new polymeric materials combined with

B1 / B2 = 12
d = 20.572 mm
L = 150 mm
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Figure 6: Comparison of the flexural modulus (top) and strength (bottom) of
single-material and hybrid sandwich structures.

long fiber has great fabrication potential. However, despite the
continuous advancements in this field, the current technology
still exhibits certain limitations, particularly in terms of mate-
rial compatibility and mechanical strength of the printed parts.
Consequently, the hybrid combination of a FFF cellular core
and CFRP PrePreg skins emerges as the optimal alternative,
maximizing the structural capabilities of these highly complex
designs for developing advanced sandwich composites.

3.2. FE model accuracy

The developed FE model was carefully adjusted to ensure ac-
curacy, considering the orthotropic elastic properties of a solid
PEI Ultem core processed by FFF with the ±45º infill config-
uration and CFRP PrePreg skins (see Table 2). A parametric
approach was employed to simulate the bending performance
of 14 sandwich arrangements, varying the thicknesses of the
skins and the core. The numerical results of flexural modulus
were compared with the theoretical values calculated using the
analytical expression Eq. 2.

Figure 7 depicts the relationship between the numerical and
analytical flexural moduli and the density of the different con-
sidered sandwich arrangements. The curves demonstrate excel-
lent agreement between each sandwich arrangement’s theoreti-
cal and simulated bending stiffness values. The corresponding

Full Core
f = 0.000

Full CFRP
f = 1.000

0.028
0.056

0.083

0.139
0.195

0.278

0.389

0.584
0.473

0.667
0.751

0.862

B1 / B2 = 12
d = 20.572 mm
L = 150 mm

Figure 7: Accuracy of the FE model developed to simulate the flexural modulus
of hybrid sandwich panels for different arrangements.
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f value is indicated next to each calculated point, ranging from
the PEI Ultem full core ( f = 0) to a full CFRP panel ( f = 1).
Hence, these results validate the computational capability of the
developed numerical model to accurately simulate the bending
performance of any hybrid sandwich structure investigated in
this study, utilizing the RVE homogenized properties of the FFF
cellular design as the core material definition.

3.3. Performance of PEI Ultem cellular cores

The trend lines presented in Figure 8 quantify the importance
that the unit cell design and density play on the individual flex-
ural elastic modulus of the FFF cellular cores. The represented
values have been simulated employing the calibrated FE model,
considering skins of zero thickness.

Comparing the two-dimensional patterns (left) with the
three-dimensional designs (right), it is evident that the latter
exhibit higher flexural moduli within the same range of rela-
tive density. This difference becomes particularly pronounced
at very low-density values, where the three-dimensional designs
can offer a stiffness of up to three orders of magnitude greater
than the two-dimensional patterns. Furthermore, the trends ob-
served for the three-dimensional cellular cores confirm that the
Shell-TPMS designs (Gyroid, Diamond, Split-P, and Schwarz)
outperform the Skeletal-TPMS ones (Neovius Surface, Schoen
Gyroid, and Schwarz Diamond) in terms of flexural modulus.

Regarding the two-dimensional patterns, the trend lines
demonstrate that certain designs (Circular and Re-Entrant
Hexagon I) surpass the conventional honeycomb (Hexagonal)
performance. This again highlights the potential of AM tech-
nologies to fabricate more efficient structures with enhanced
mechanical properties.

3.4. Hybrid sandwich arrangement analysis

Fig. 9 and Fig. 10 show the correlation between the flexu-
ral moduli of hybrid sandwich structures with two- and three-
dimensional FFF cellular cores, respectively, and the density of
the entire composite panel. Each subfigure displays 72 colored
circular points, representing data obtained from the previously
calibrated FE model and Eq. 7. These points cover six relative
density levels for each cellular core, ranging from 5% to 30%,
and twelve hybrid sandwich arrangements. A second-degree
polynomial curve has been fitted to each set of six points cor-
responding to the same sandwich arrangement, whose f value
appears indicated. The color gradient reflects the relative den-
sity of the cellular core. A black circular symbol also represents
a 100% CFRP PrePreg sample (f = 1), serving as a reference.

The variations among the different charts demonstrate the
core’s significant impact on the mechanical behavior and
weight of the sandwich structure. For instance, a hybrid sand-
wich panel with a total thickness of 20.572 mm was considered,
combining a cellular core made of FFF-processed PEI Ultem

2D 3D

Figure 8: Flexural moduli results of two- (left) and three-dimensional (right) cellular cores at different values of relative density obtained by FE numerical simulation.
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Figure 9: Numerically simulated flexural moduli of hybrid sandwich panels with two-dimensional FFF cellular cores considering multiple sandwich arrangements
and core densities.
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B1 / B2 = 12            d = 20.572 mm            L = 150 mm
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Figure 10: Numerically simulated flexural moduli of hybrid sandwich panels with three-dimensional FFF cellular cores considering multiple sandwich arrangements
and core densities.
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and PrePreg CFRP skins. The core’s design, relative density,
and dimensions enable tailoring the flexural modulus and den-
sity within the ranges of 61 MPa to 40019 MPa and 95 kg/m3 to
1289 kg/m3, respectively, to meet specific application require-
ments. In particular, utilizing thick cores with thin skins (low
f values) allows for achieving a more than one order of magni-
tude reduction in the density of the composite assembly com-
pared to the 100% full CFRP PrePreg. Moreover, in such cases
where the core occupies a significant portion of the sandwich
volume, the relative density of the cellular design plays an even
more crucial role. Conversely, at high f values, the character-
istics of the core material have minimal effect on the overall
structure’s performance.

When designing hybrid sandwich structures for most struc-
tural applications, one common challenge is achieving the light-
est and stiffest configuration. Therefore, finding the right bal-
ance between mechanical performance and density is crucial. In
this regard, cellular designs with shorter vertical widths in their
charts demonstrate more significant structural potential. Specif-
ically, the two-dimensional Circular, Hexachiral, Hexagon, Re-
Entrant Hexagon II, and Sinusoidal Ligaments patterns, as well
as the three-dimensional Shell-TPMS designs, appear to be the
most efficient in terms of flexural stiffness and weight. Further-
more, the porosity of the Shell-TPMS cellular geometries is
continuous, unlike the extruded-like two-dimensional shapes.
This fact offers added value for applications that require a
fluid flow through the cells or to avoid moisture accumulation
in specific areas of the sandwich panel. On the other hand,
Skeletal-TPMS and some two-dimensional designs compro-
mise the stiffness of the sandwich panel to a greater extent when
very low-density patterns are employed, thus limiting the feasi-
bility of fabricating functional, lightweight components. How-
ever, the sandwich arrangement composed of CFRP PrePreg
skins with a single-ply thickness of 0.286 mm ( f = 0.028) con-
sistently proves to be the optimal simulated curve in all cases,
and therefore, it will be implemented for the experimental vali-
dation tests.

3.5. Experimental validation
Figure 11 compares the experimental-specific modulus and

flexural strength values for the fabricated hybrid sandwich
structures and the required time for manufacturing each FFF
cellular core. Specific properties were calculated as the ratio of
the flexural modulus or strength of the composite panel over the
total weight of each tested specimen, respectively. Core man-
ufacturing time data was estimated directly using the Insight
software, the official slicer of the professional FFF equipment
employed in this investigation.

As can be seen, both the cellular design and the core’s density
significantly influence the sandwich panel’s mechanical perfor-
mance and the printing process, as expected. In particular, the
fabrication of the majority of two-dimensional designs, such
as Hexachiral, Hexagon, Re-Entrant Hexagon II, Rotachiral,
and Sinusoidal Ligaments, requires up to an order of magnitude
more time compared to other cellular geometries, without sig-
nificant advantages in terms of flexural modulus and strength.
This occurs because the morphology of these patterns makes

Two-dimensional

Shell-TPMS

Skeletal-TPMS

Two-dimensional

Skeletal-TPMS

Shell-TPMS

Figure 11: Analysis of the specific flexural modulus (top) and strength (bottom)
of the hybrid sandwich structured versus the core manufacturing time consider-
ing each tested cellular design and density.

it challenging to implement continuous deposition paths dur-
ing FFF manufacturing, resulting in considerable time losses
due to extrusion head movements without material extrusion.
On the other hand, the surface continuity of the Shell-TPMS
and Skeletal-TPMS designs facilitates their construction with-
out such interruptions. As a result, these three-dimensional
patterns exhibit appealing specific mechanical properties while
significantly reducing manufacturing time.

Table 5 summarizes the experimental results of flexural mod-
ulus and strength for the hybrid sandwich structures, consider-
ing every cellular design and core relative density examined in
this study. For each case, the average value and standard de-

11

Appended publications 197



viation are presented. In addition, the experimental results of
flexural modulus have been overlapped with the numerical val-
ues presented in Fig. 9 and Fig. 10 employing square symbols.
The good agreement between both the experimental and the FE
model results verifies the effectiveness of the developed simu-
lation tool to evaluate the flexural behavior of hybrid sandwich
structures prior to manufacturing with acceptable accuracy.

Additionally, the failure modes of the tested samples are
identified using the character code presented in Table 3. All
evaluated specimens failed at the load bar, specifically in the
central zone of the composite panel, indicating the quality of
the sandwich specimen fabrication and the proper execution
of the 3-Point bending tests. The main failure types observed
in samples with FFF cellular cores were delamination (both
within the core or at the core-facing bond) and the breakage
of the top skin due to a micro buckling effect. Only the two-
dimensional Sparse design exhibited transverse shear failure in

the core. Comparatively, the reference core materials (Nomex®

and aluminum honeycombs) demonstrated core crushing ef-
fects, which were not observed either in AM core designs or
in PU250 foam samples, which consistently exhibited brittle
failures.

3.6. Comparative performance

Experimental results have been represented in Fig. 12 to
compare the structural performance of the hybrid sandwich
structures with FFF two- and three-dimensional cellular cores
and CFRP PrePreg skins in terms of flexural modulus, flexural
strength, and density. Additionally, results from sandwich com-
posites with reference core materials (Nomex® and aluminum
honeycombs and PU250 foam) are included in a grey-shaded
area, along with the mechanical properties of PEI Ultem and
other materials from the Ansys GRANTA EduPack database
for comparison. It is worth noting that the flexural mechanical

Table 5: Flexural modulus, strength and failure mode of the hybrid sandwich structures with different FFF cellular core designs obtained from the 3-Point bending
experimental tests. Mechanical properties of samples with reference core materials are included for comparison.

Cellular Core
Design (see Fig. 2)

Core Rel.
Density (%)

Ẽ f lex
(MPa)

σ̃ f lex
(MPa)

Failure
Code

Cellular Core
Design (see Fig. 2)

Core Rel.
Density (%)

Ẽ f lex
(MPa)

σ̃ f lex
(MPa)

Failure
Code

Antitetrachiral
28.75 2235 ± 6 16.9 ± 3.1 DAC

Circular
28.73 3233 ± 140 25.5 ± 0.4 FAT

22.99 1894 ± 10 13.7 ± 2.6 DAC 18.10 2526 ± 0 17.8 ± 1.1 FAT
18.39 1541 ± 11 12.5 ± 1.8 DAC 9.14 1112 ± 67 8.3 ± 0.2 FAT

Hexachiral
28.50 2841 ± 145 31.9 ± 0.5 FAT

Hexagon
32.42 3207 ± 79 24.3 ± 7.2 DAC

24.45 2540 ± 117 23.1 ± 0.5 FAT 18.94 2308 ± 58 15.1 ± 2.7 DAC
21.71 1875 ± 140 15.1 ± 3.0 FAT 9.37 1211 ± 5 10.3 ± 0.6 DAC

Lozenge Grids
33.16 2511 ± 251 21.5 ± 4.4 FAT Re-Entrant

Hexagon I

32.74 2748 ± 45 21.9 ± 1.2 DAA
22.56 1922 ± 191 20.6 ± 5.4 FAT 18.39 2013 ± 21 22.5 ± 0.4 DAC
13.49 808 ± 17 8.2 ± 3.1 DAC 9.46 825 ± 7 9.6 ± 1.0 DAC

Re-Entrant
Hexagon II

30.14 3407 ± 126 30.4 ± 22.9 FAT
Rotachiral

29.31 2610 ± 155 34.3 ± 0.1 FAT
20.29 2682 ± 79 23.2 ± 5.1 FAT 25.05 2225 ± 134 21.0 ± 13.7 DAC
9.64 1323 ± 14 9.6 ± 0.3 DAA 20.79 1862 ± 98 16.5 ± 8.4 DAC

Sinusoidal
Ligaments

33.35 3003 ± 421 20.4 ± 9.3 FAT
Square Grids

33.90 2177 ± 10 17.7 ± 0.3 DAA
28.84 2755 ± 73 18.9 ± 1.8 FAT 28.92 1969 ± 79 19.7 ± 0.2 FAT
22.56 2380 ± 168 25.8 ± 13.2 DAC 20.56 1679 ± 82 14.0 ± 0.0 DAC

Tetrachiral
30.56 2804 ± 89 30.1 ± 2.9 FAT

Sparse
30.19 1066 ± 12 23.8 ± 0.1 FAT

20.51 2148 ± 71 19.8 ± 2.1 FAT 21.26 563 ± 11 13.0 ± 0.8 SAC
9.68 1057 ± 12 11.0 ± 1.1 FAT 12.54 166 ± 2 3.8 ± 1.1 SAC

Gyroid 15.56 1266 ± 5 11.1 ± 0.6 FAT Diamond 19.30 1564 ± 15 15.6 ± 0.3 FAT

Split-P 18.05 1242 ± 4 15.0 ± 1.1 FAT Schwarz 11.84 1045 ± 6 6.8 ± 0.2 DAA

Neovius Surface 23.52 1389 ± 14 10.8 ± 0.3 FAT Schoen Gyroid 23.64 1302 ± 18 9.0 ± 2.2 DAA

Schwarz Diamond 24.39 1468 ± 7 10.9 ± 3.6

PU250 Foam 20.55 1475 ± 171 14.9 ± 0.8 FAT Nomex®

honeycomb
4.40 5320 ± 17 24.8 ± 1.6 CAC

Aluminum
honeycomb

6.46 13097 ± 132 40.5 ± 2.3 CAC
2.19 5549 ± 3 9.4 ± 0.8 CAC
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Figure 12: Comparison of the experimental performance of hybrid sandwich panels composed of two- and three-dimensional FFF cellular cores with materials
database adapted from CES EduPack 2019, ANSYS Granta© 2020 Granta Design, with permission.
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behavior of the tested sandwich panels closely approaches the
upper limit of the range occupied by foams and natural materi-
als.

Analyzing the top chart, it can be seen that the design and
relative density of the cellular core significantly influence the
mechanical properties and density of the hybrid structure, as
intended to demonstrate. Specifically, the depicted trends con-
firm that a lower core density reduces the bending stiffness of
the sandwich panel, as less material is utilized. Many sandwich
structures with two-dimensional cellular designs and all Shell-
TPMS configurations exhibit a higher flexural modulus than the
PU250 foam core combination at the same density, which be-
haves similarly to the Skeletal-TPMS arrangements. However,
the two reference honeycomb materials demonstrate greater ef-
ficiency in terms of flexural modulus, thanks to their extremely
thin vertical walls6. The ability to achieve such thin thicknesses
during their manufacturing process enables an extremely low
core weight while maintaining the necessary shear stiffness, po-
sitioning them favorably in the presented property charts.

The bottom chart in Fig. 12 allows the comparison of the dif-
ferent materials in terms of flexural strength and density. Over-
all, the depicted trends are similar to the previous case. How-
ever, the differences in flexural strength between the reference
honeycomb cores and the cellular designs manufactured by FFF
are relatively minor. As extensively reported in previous in-
vestigations [53, 50, 51], it should be noted the importance of
printing defects on the maximum load that components fabri-
cated by this AM technology can withstand. Therefore, further
improvements in this field to enhance the quality of fabricated
parts, along with the implementation of optimized deposition
trajectories for each cellular design with a thinner raster width,
could have a positive effect on obtaining stiffer and stronger hy-
brid sandwich panels, thereby contributing to the development
of more efficient lightweight composite structures.

4. Conclusions

This work presents a comprehensive research study on the
mechanical performance of hybrid sandwich structures, com-
bining CFRP skins with additively manufactured cellular cores.
The study encompasses a diverse range of two- and three-
dimensional patterns with different cell designs and densi-
ties. The paper provides numerical simulations and experi-
mental findings to analyze and compare the flexural modulus
and strength of different cellular designs and sandwich arrange-
ments. The research also addresses important manufacturing
aspects, such as core printing time.

The analysis of core-to-skin debonding confirms proper ad-
hesion between the faces and the additively manufactured cel-
lular core, as evident from the observed failure types in all tests.
Forthcoming advancements in FFF technology hold the poten-
tial for further progress, enabling the complete fabrication of

6The Nomex® and aluminum tested honeycombs had a wall thickness of
0.10 mm and 0.15 mm, respectively.

hybrid sandwich structures. These structures could incorpo-
rate multiple polymeric materials, including short or continu-
ous fibers and metallic materials. Such advancements would
significantly reduce fabrication time and costs associated with
these structures.

From a manufacturing perspective, Shell-TPMS and
Skeletal-TPMS three-dimensional designs are highly advanta-
geous. These designs can be fabricated using continuous de-
position paths, eliminating imperfections in the joints between
unit cells. Moreover, their geometrical complexity eliminates
the need for support structures. However, it should be noted that
in this work, the minimum wall thickness required for Shell-
TPMS cellular cores was 1.016 mm, whereas two-dimensional
patterns could be achieved with a single contour of 0.508 mm.
Consequently, two-dimensional patterns offer superior weight
reduction for the same cell size compared to three-dimensional
designs.

Hybrid sandwich structures with PEI Ultem cellular cores
demonstrate stiffness and strength comparable to reference ma-
terials, outperforming foam cores while slightly trailing behind
Nomex® and aluminum honeycombs. The analysis of various
two- and three-dimensional cellular cores reveals the presence
of more efficient morphologies than the traditional hexagonal
design, which can only be fabricated thanks to AM technolo-
gies. The manufacturing of cells with thinner walls, as observed
in reference honeycomb materials, has the potential to signifi-
cantly reduce panel weight without compromising mechanical
properties. This advancement could contribute to the develop-
ment of more highly efficient sandwich structures.
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