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Abstract 

In pursuit of achieving ultimate lightweight designs with additive manufacturing (AM), 

engineers across industries are increasingly gravitating towards composites and architected 

cellular solids; more precisely, fibre-reinforced polymers and functionally graded lattices 

(FGLs). Control over material anisotropy and the cell topology in design for AM (DfAM) offer 

immense scope for customising a part’s properties and for the efficient use of material. This 

research expands the knowledge on the design with fibre-reinforced AM (FRAM) and the 

elastic-plastic performance of FGLs. 

Novel toolpath strategies, design guidelines and assessment criteria for FRAM were 

developed. For this purpose, an open-source solution was proposed, successfully overcoming 

the limitations of commercial printers. The effect of infill patterns on structural performance, 

economy, and manufacturability was examined. It was demonstrated how print paths informed 

by stress trajectories and key geometric features can outperform conventional patterns, laying 

the groundwork for more sophisticated process planning. 

A compilation of the first comprehensive database on fibre-reinforced FGLs provided 

insights into the effect of grading on the elastic performance and energy absorption capability, 

subject to strut-and surface-based lattices, build direction and fibre volume fraction. It was 

elucidated how grading the unit cell density within a lattice offers the possibility of tailoring 

the stiffness and achieving higher energy absorption than ungraded lattices. Vice versa, grading 

the unit cell size of lattices yielded no effect on the performance and is thus exclusively 

governed by the density. These findings help exploit the lightweight potential of FGLs through 

better informed DfAM. 

A new and efficient methodology for predicting the elastic-plastic characteristics of 

FGLs under large strain deformation, assuming homogenised material properties, was 

presented. A phenomenological constitutive model that was calibrated based upon interpolated 

material data of uniform density lattices facilitated a computationally inexpensive simulation 

approach and thus helps streamline the design workflow with architected lattices. 
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cartesian or cylindrical coordinate system 

[MPa] 

ℎ𝐸𝑥 Extruded layer height [mm] 

I Electric current [A] 

𝑙 Length of fibre [mm] 
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𝐿𝐸𝑥 Filament extrusion length with subscript ‘Euclidian’ and 

‘Curvilinear’ 
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𝑚, 𝑛 Material exponents (scaling/power law expression)  [/] 

𝑀𝑠𝑡𝑒𝑝𝑠/𝑟𝑒𝑣 Motor steps per revolution [/] 

p Penalisation factor (SIMP topology optimisation) [/] 

P Power   [W] 
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PI Stiffness-alignment index [/] 
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𝑆̅ Reduced compliance matrix  [N/m]-1 

SE (Elemental) strain energy density [J/m3] 

SI Sinuosity index [/] 

𝑢 Displacement [mm] 

V Electrical potential (voltage) [V] 

𝑉𝑣𝑜𝑙
𝐶𝐹  Carbon fibre volume content [mm3] 

VolEx Extrudate volume [mm3] 

𝑤𝐸𝑥 Extruded filament width [mm] 

𝑊 Cumulative energy absorption  [J] 

x,y,z Coordinates in cartesian system  [/] 

α Shape factor of the yield surface [/] 

β Sigmoid function [/] 

𝛾 Engineering strain [mm/mm] 

∆𝑈𝐶 Unit cell size/count gradient (No. of cells per edge length in each 

domain) in the lattice with subscripts denoting the severity of 

grading (‘l’ – low; ‘m’ – medium; ‘h’ – high) 

[/] 

∆𝜌 Relative density gradient (𝜌𝑚𝑎𝑥 − 𝜌𝑚𝑖𝑛) in the lattice with 

subscripts denoting the severity of grading (‘l’ – low; ’lm’ – low-

to-medium; ‘m’ – medium; ‘mh’ – medium-to-high; ‘h’ – high)  

[/] 

∆𝜌𝑈𝐶 Relative density gradient (𝜌𝑈𝐶𝑚𝑎𝑥 − 𝜌𝑈𝐶𝑚𝑖𝑛) in a unit cell  [/] 

∆𝜃𝑖 Elemental fibre angle deviation [deg] 

휀 Strain with subscript ‘cal’ (calibrated value), ‘BE’ (break-even), 

‘DO’ (densification onset), ‘el’ (elastic), ‘pl’ (plastic) and ‘tot’ 

(total), ‘true’, ‘eng’ (engineering), ‘h’ (hydrostatic), ‘d’ 

(deviatoric) and superscripts ‘trans’(transverse), ‘axial’  

[mm/mm] 

𝜃𝑃 Principle stress angle [deg] 

𝜗 Distance dimension (Douglas-Peucker-Algorithm) [mm] 

𝜅 Energy efficiency [J/N] 
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𝜆 Periodicity of unit cell tessellation (TPMS definition) [/] 

𝜇 Maximum orthogonal distance between the original path (line 

segment connecting start and end point) and the new line segment 

in Douglas-Peucker-Algorithm 

[mm] 

𝜐 Poisson’s ratio with superscripts ‘el’ (elastic) and ‘pl’ (plastic) 

and subscripts ‘S’ (parent material property) or indices denoting 

the properties in the cartesian or cylindrical coordinate system 

[/] 

�̅� Relative density of the lattice with �̅� =  𝜌∗/𝜌𝑆  [/] 

𝜌∗ Effective density of the lattice  [g/cm3] 

𝜌𝑆 Density of the lattice parent/base material  [g/cm3] 

𝜌𝑚𝑎𝑥/𝑚𝑖𝑛 Maximum or minimum (local) relative lattice density  [/] 

�̅�𝑈𝐶 �̅� of a single unit cell (layer) [/] 

𝜌𝑈𝐶𝑚𝑎𝑥/𝑚𝑖𝑛 Maximum or minimum (local) relative density in a unit cell [/] 

𝜎 Stress with subscript ‘p’ (peak value), ’f0’ (flow stress at zero 

plastic strain),’e’ (effective), ‘m’ (mean), ‘true’, ‘eng’ 

(engineering), ‘h’ (hydrostatic), ‘d’ (deviatoric)   

[MPa] 

𝜏 Shear stress [MPa] 

𝜏𝐻 Motor holding torque  [Nm] 

𝜑𝑓 Fibre volume fraction [%] 

𝜙 Member of hybridised lattice structure [/] 
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Chapter 1 Introduction  

1.1 Motivation Behind Research – Towards High-Performance AM-Parts 

Additive manufacturing (AM), also referred to as 3D printing, has become 

indispensable in today’s manufacturing and prototyping landscape, solidifying their role in 

industry [1–4]. A wide range of applications have been identified in the medical [5–8], 

automotive [9–13], aerospace [14–21] sector and for consumer products [22–24]. The immense 

potentials in terms cost- and time-savings as well as quality enhancements resonates well with 

the new demands and challenges in today’s industry. Consequently, a rapid market expansion 

has been observed and is also forecasted for the years to come. In fact, despite the global 

pandemic, the latest release of the Wohlers Report of 2021 [1] reported that the market has 

expanded by 7.5%. This is due to the continuous improvement in process quality, the growing 

material variety and the pivotal advancements AM-specific software that is leveraging the 

concept of design for additive manufacturing (DfAM). 

One of the most compelling benefits of AM, besides mass customisation due to on-

demand decentralised manufacturing, lower material waste and reduced set-up and tooling 

requirements, is the inexpensive realisation of complex designs. This naturally lends itself to 

lightweighting by employing mathematically-driven design-optimisation approaches such as 

topology optimisation [25], incorporating architected lattice structures into the product design 

or through a high degree of functional integration. Additionally, the possibility of printing 

composite materials is further pushing the boundaries of structural performance achievable 

with AM. In light of the growing demand, e.g. sustainable transportation or energy-efficient 

processes, lighter and stiffer parts save resources in the manufacturing stage and the in-service 

life (e.g. moving parts) [26,27].  

The key to unlocking this potential is a new design thinking/philosophy referred to as 

design for AM (DfAM). It encompasses a holistic approach to design, which concurrently 

considers the business plan (economics), part design (micro- to meso-structure and material 

selection) and process plan (manufacturability and post-processing), which will be elucidated 

in detail in section 2.2. As a consequence, products are created more generatively compared to 

the conventional ‘linear’ workflow. Due to this all-embracing disruption of the product 
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lifecycle through DfAM, it is attributed a key role in fulfilling the promise associated with 

Industry 4.0 [28].  

Two research fields that have gained similarly increased attention in the academic AM-

community over the past few years are lattice structures and fibre-reinforced AM (FRAM), 

which are linked inseparably to the concept of DfAM (see Fig. 1-1) and lightweighting. 

Latticing and reinforcing AM-parts can be considered a manipulation of the geometry 

(substitution of, e.g. low-stressed solid domains in a structure by a porous structure) and the 

material (utilisation of feedstock that has a higher specific stiffness than the unreinforced 

counterpart), respectively. Given the processing conditions are constant, these two mechanisms 

can be exploited to optimise an AM-part in terms of, e.g. specific stiffness and strength. It is 

important to highlight that this work focuses on fibre reinforced thermoplastic material 

extrusion, i.e. the fused filament fabrication (FFF) process, in the context of DfAM and lattices. 

 
Fig. 1-1: Rapid rise in publications related to additive manufacturing of lattices, fibre-reinforced composites 

(FRAM) and DfAM recorded over the past 20 years. The underlying data is obtained from Scopus employing 

the search terms and logic as listed in the Appendix A. 

 

Lattice structures constitute a lightweighting feature whose application is still 

commonly following an expertise-driven approach, meaning it is less driven by mathematical 

or physical motives but more based upon knowledge on e.g. solid low-stress regions that can 

be substituted by the lower-stiffness cellular structures. While conventional manufacturing 

techniques employed unstructured stochastic foams, AM has fostered the use of structured 

tessellated lattices comprised of individual unit cells (UCs) that have stretching- and bending-
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dominated or mixed structural response characteristics. The lattice portfolio for engineers is 

constantly increasing, especially due to means of tailoring cell topologies through grading or 

hybridisation. In the context of DfAM understanding, the performance of such architected 

lattices is crucial for their more comprehensive application in AM-designs.  

In both academia [29–37] and industry [38–41], guidelines for DfAM have been 

established, commonly including aspects like support volume, build direction and minimum 

feature size. With the uptake of composite printing with short and continuous fibres, new 

DfAM considerations are necessary to ensure manufacturability while improving the overall 

performance. Thus, the immediate focus with FRAM shifts towards the process plan, 

effectively using the principal material direction of the fibre-reinforced polymers (FRPs). By 

capitalising on the material anisotropy, i.e. improving the mechanical performance by tailoring 

the toolpaths (related to direction of extrusion), any part's specific stiffness and strength can be 

enhanced. Moreover, cost savings are also possible with variable and more efficient fibre 

orientations. As today’s slicing software is commonly not catering for FRAM-specific 

requirements, the currently available conventional infill patterns do not suffice. Most slicing 

software was developed for unreinforced feedstock and are thus not considering specific 

manufacturing constraints such as the minimum fibre length (as the fibre filament must be cut, 

only toolpaths with a sufficient length can be reinforced) [41]. As industries move towards end-

use parts with such high-performance feedstock, the focus in process-planning shifts away from 

mere prototyping, i.e. the use of generic infills. The capabilities of slicing software must catch 

up to these new requirements and offer more flexible solutions [42]. 

1.1.1 Design for fibre-reinforced additive manufacturing 

Over the past five years, since the presentation of the first commercially available 

printer capable of printing short and continuous high-performance fibres like carbon fibre (CF), 

glass fibre (GF) and Kevlar (K), considerable interest has risen in this technology. In pursuit 

of an even higher stiffness and strength to weight ratio in AM-parts, the natural progression in 

DfAM after lightweighting strategies such as TO have found widespread application was the 

use of print materials with superior mechanical performance. Today’s FRAM technologies 

primarily centre on polymer-based FFF, resulting in performance statistics that are comparable 

and sometimes better than those of metals [43,44]. This offers great possibilities for functional 

prototyping, fixtures and jigs for the workshop environment, and end-use parts. The lower cost 
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of the printer hardware and feedstock material of FRAM compared to metal-based counterparts 

offers a range of attractive applications, e.g. in the sports and consumer goods sector.  

FRAM is still a niche market within the realm of AM, and the technology is still in its 

infancy. From a processing perspective, increasing the fibre volume fraction or reducing 

porosity are vital challenges. From a process-planning or design perspective, path planning 

strategies (i.e., slicing software) were identified as limiting factors needed to overcome to 

unlock the potential [42]. This refers to the prescribed and limited print patterns, inhibiting the 

control and optimisation of the fibre placement within an AM-part. Analogous to the transition 

from a conservative to a more radical design approach for composites, advancing from 

conventional layups to tailored fibre placement (TFP) and automated fibre placement (AFP) 

[45–47] for more complex geometries, FRAM requires similar progress. To date, there is only 

a handful of slicing software for FRAM on the market, and their infill approaches are directly 

taken from conventional slicers. Only if the software is catering for the needs of FRAM can 

one fully harness the lightweight potential and cost-effective use of material. For this purpose, 

DfAM for FRAM must be more extensively researched so that new findings and methods [48–

50] can find their way into software tools, providing automated but customised solutions.  

Some interesting infill strategies have been developed, as shown in Fig. 1-2; however, 

those primarily consider isotropic material properties and do not consider manufacturing 

constraints (i.e. embedding it into a slicing software with toolpath commands). A re-thinking 

of the design and processing requirements is required for FRAM to find infill strategies that 

combine manufacturability with performance. 

 
Fig. 1-2: Infill strategies inspired by the major mechanical loads in a human femur bone compared with 

rectangular, solid, and topology optimised infill patterns and their compliance under variable loading. © [2018] 

IEEE. Reproduced and redrawn from [51] with permission from IEEE. 
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1.1.2 Functionally graded lattice structures 

Geared towards structural optimisation in AM, topology optimisation and latticing 

constitute two major strategies shaping the future AM-landscape. The former is primarily 

stiffness-driven, whereas the lattice’s high strength-to-weight ratio, superior energy absorption 

or heat dissipation (increased surface area) capability, makes them attractive for various 

industry applications. While cellular solids originally encompassed either simple-to-

manufacture geometries like honeycombs or stochastic foams, new implicit modelling tools 

have helped make tessellated/periodic lattice structures popular and paved the way for 

architecting cellular solids. While modelling becomes easier, assessment of their performance 

requires attention. From a structural perspective, it is therefore of great importance to:  

• Investigate the effect of changes in cell topology on the elastic-plastic performance, to 

inform designers and engineers how to best apply architected lattices in the design 

process. 

• Determine the mechanical properties of architected structures and derive numerical 

models to predict their behaviour. 

As shown by Panesar et al. [52], latticing strategies such as grading, intersection or 

scaling informed by solutions taken from topology optimisation have a superior specific 

stiffness and robustness over uniform lattices (see Fig. 1-3). While AM leverages these 

advanced design solutions, fundamental questions on how the severity of density or unit cell 

size grading affects the performance have yet to be explored experimentally. Especially their 

mechanical properties beyond the elastic regime and the effect of build direction are of 

significant interest to inform more accurate numerical models, which reduces the amount of 

physical testing required. Likewise, the fabrication of such structures with fibre-reinforced 

polymers has seen little attention, despite the knowledge that composite materials can 

considerably affect toughness and damage tolerance [53]. In this context, it becomes 

increasingly critical to assess the essential DfAM related aspect of build direction.  

 As mentioned above, one of the advantages of lattices is their potential to absorb 

energy. Therefore, numerical models capturing the structural response not only for the elastic 

region (majority of research today) but also throughout plastic deformation, i.e. for large 

strains, is a prerequisite to ensure wider adoption of this lightweighting feature in AM design. 

Almost limitless lattice configurations are possible due to the abundance of unit cell types 

paired with the range of grading and morphing strategies. To date, most academic research is 
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still following the approach of modelling the cell geometry explicitly, assuming solid 

continuum elements. Computationally efficient methods for finite element analyses are 

necessary to make design assessment feasible for small businesses with no access to 

supercomputers.  

 
Fig. 1-3: (a) Body-Centred Cubic (top) and Schwarz-P (bottom) until cells in (b) density graded lattice and (c) 

applied in a cantilever beam example. Comparison between a (d) topology optimised, (e) graded lattice, (f) 

scaled lattice, and (g) uniform lattice solution. Reproduced and redrawn from [52] with permission from 

Elsevier following the Creative Common Attribution 4.0 International (CC BY 4.0). 

 

1.1.3 Research objective and chapter outline 

The new design philosophy, manifesting in the umbrella term ‘DfAM’, is a common 

theme and relevant across the whole workflow from design-to-print. It is also a reoccurring 

motive in this research. Alongside this, two additional major themes characterise this research, 

namely FRAM and (functionally graded) lattice structures. While these span across a broad 

spectrum of the research field, they are all equally important in fully exploiting AM’s potential. 

An idealised case study in section 2.5.2 serves as an exemplar for what can be achieved if these 

fields are effectively combined. However, specific research gaps have been identified based 

upon the literature review in section 2.5, which must be addressed to fully benefit from design 

optimisation on both macro- and micro-scale. The research objectives can be summarised as: 

1. Assess performance and identify shortcomings of current closed-source FRAM printers 

and develop an open-source solution that overcomes these limitations. 

2. Investigate the influence of different toolpath strategies and infill patterns for FRAM on 

essential DfAM factors and establish general design guidelines. 

3. Experimentally investigate the effect of unit cell density and size grading in FGLs on 

mechanical performance.  
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4. Elucidate differences in performance and deformation characteristics between different 

lattice types (bending- versus stretching-dominated) and investigate the effect of build 

direction in additively manufactured lattices on the above.  

5. Predict the performance of FGLs numerically in a phenomenological model that is 

computationally efficient for complex geometries. 

This work covers a range of research topics categorised into DfAM, FRAM and lattices. 

They are thematically linked by a representative case study presented later in section 2.5.2. 

Generally, this research investigates the implementation of lightweight design in AM through 

(i) the manipulation of the material (use of fibre-reinforced feedstock with focus on process 

planning) and (ii) the manipulation of the geometry (use of advanced lattice structures with a 

focus on assessing and predicting the structural performance of functionally graded lattices). 

The outline of the research work is as follows: 

1. Literature review – Research gaps and introduction of overarching case study  

a. Chapter 2 – In this chapter, the relevant literature in the field of DfAM, FRAM and 

lattices is reviewed. Moreover, the author aims to set the scene for the remainder of the 

work by illustrating an idealised exemplar showcasing the potential of AM and the 

research gaps that need to be overcome to put the case study into practice.   

2. Design for fibre-reinforced additive manufacturing  

a. Chapter 3 – Establishes the status quo in terms of the performance of additively 

manufactured composites and regarding the capabilities and limitations of currently 

available printers (closed-source implementation). Upon the basis of these findings, an 

open-source solution is created via a custom (FRAM) printer, enabling multi-

material/composite printing uncoupled from proprietary software.   

b. Chapter 4 – This chapter capitalises from the open-source framework and complements 

it with the corresponding ‘software’. Specifically, it encompasses creating infill patterns 

that are – analogous to slicing software – translating the geometry into machine language 

that the custom printer can interpret. Here, two conventional infill patterns (‘grid’ and 

‘concentric’) are compared with two novel infill strategies derived from the medial axis 

transformation and the main principal stress trajectories under consideration of fibre-

reinforced print material. The infills were assessed in light of the DfAM factors i) 

performance, ii) manufacturability and iii) economy. 

3. Experimental investigation into short fibre-reinforced functionally graded lattices  
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a. Chapter 5 – Tessellated uniform density, density-graded, and unit cell size graded 

lattices are manufactured from short fibre-reinforced nylon and tested under quasi-static 

uniaxial compression. The work elucidates the effect of unit cell type, relative density, 

the severity of grading and build direction the stiffness, energy absorption and 

deformation characteristics.  

4. Numerical modelling of functionally graded lattices  

a. Chapter 6 – This chapter constitutes a preliminary investigation into modelling lattice 

structures to replicate the results presented in chapter 6. The explicit unit cell geometry 

of both uniform density and density-graded surface-based unit cells was numerically 

simulated. Based upon isotropic input properties, it was investigated how the stiffness 

and Poisson’s ratios are affected subject to different relative densities and density 

grading severities.  

b. Chapter 7 – Based upon the findings in chapter 6, a computationally efficient 

homogenisation approach was followed to replicate the experimental data on the 

uniform and functionally graded lattices gathered in chapter 5. A calibration and 

interpolation approach are presented that were used to inform a phenomenological 

constitutive model. This part of the work offers an efficient way of predicting not only 

the elastic but also plastic and densification characteristics.  

 

Finally, chapter 8 summarises the work, drawing conclusions from the research 

observations made. It elaborates on the research contributions to the field, specifically the AM-

community and finally provides an outlook for future work. The research has been conducted 

in the chronological order of the chapter outline. However, the work related to chapters 4 and 

5 has commenced at the same time (building a printer, establishing an open-source solution 

and testing lattices). As the research into functionally graded lattices was found more promising 

(set of original unanswered research questions), the decision was made to only conduct 

experimental investigations into the process planning with short fibre printing. Instead, more 

focus was on the numerical simulation and prediction of advanced lattice structures (see 

chapters 6 and 7). A retrospective Gantt chart is provided in Appendix B. 
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Chapter 2 Literature Review 

2.1 Introduction  

This chapter encompasses the literature review on the three main topics related to this 

research, namely i) Design for additive manufacturing (DfAM), ii) Fibre-reinforced AM 

(FRAM), and iii) Cellular solids. The former represents the common theme of the work, 

contextualising the content of the remainder of the review.  

2.2 Design for Additive Manufacturing 

Design for AM (DfAM) describes a strategic and methodical approach to product and 

engineering design, whereby the unique capabilities and (process) constraints of AM are 

considered from the design to the post-processing stage. First and foremost, DfAM is driven 

by the advantages AM offers, including – among other things – ease of realising part 

complexity, lightweighting, (mass-) customisation, fast time-to-market, and reduction in part 

waste et cetera. Secondly, the manufacturability of a design is limited by the AM technologies 

[54] and specific to the materials used [33]. With AM, particular focus is drawn to the initial 

step in DfAM workflow, the build preparation. This includes both the part design and the 

process plan, i.e. the digital design of CAD files as well as machine setup files (G-code) 

exclusive to a particular AM process and print material. However, the design choices are not 

just driven by the process itself but also by the proceeding post-processing steps and multiple 

objectives and constraints linked to the business plan (see Fig. 2-1). 

Moreover, the trade-off between the three domains is additionally driven by time, cost, 

and quality. DfAM always represents a compromise between a purely performance-driven and 

an economically-driven approach and is thus subject to weighing on a case-by-case basis. One 

could argue it is the process of making conscious decisions rather than obeying strict rules [33]. 

Nevertheless, rules are necessary to make a fruitful decision and shall be further outlined in 

section 2.2.1. 

While AM software is abundant (see Appendix C.1 and a recent review by Wiberg et 

al. [55]), it often only provides solutions for specific aspects of DfAM that cater for a 

consecutive optimisation. However, generative engineering is gaining popularity due to its 

concurrent, multi-objective approach envisaged to solve the conundrum of highly 
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interconnected design tasks. As such, DfAM constitutes – opposite to traditional manufacturing 

– a new design approach that is no longer manifesting in the strict order of a) Business plan; b) 

Part design and c) Process plan. In fact, this philosophy caters for concurrent and 

interconnected consideration (see Fig. 2-1). Where these domains overlap, critical decision-

making for AM is conducted. The most prominent topics discussed here are lightweighting 

(specific stiffness) and/or functionalisation, manufacturability and post-processing (see Fig. 

2-1). Thus, DfAM considerations must be ubiquitous every step along the way to fully benefit 

from the available design and optimisation tools.  

 

Fig. 2-1: Overlaps in the design stages of the DfAM workflow, driving key decision-making processes in 

light of cost, time and quality. Adapted from [56]. 

 

There are three distinct design processes, categorised into i) replicate, ii) adapt and iii) 

optimise [33,57]. The first is the most restrictive, as AM is simply used to replicate an existing 

design that has not been developed with AM in mind. It reduces lead time; however, it does 

not yield any quality improvements. Secondly, an existing design can be adapted to meet AM 
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process-specific constraints, such as overhangs, feature size, et cetera, which ensures higher 

quality and, e.g. fewer post-processing requirements. Lastly, AM optimisation embodies the 

approach with the most significant opportunities to add value and quality while simultaneously 

providing cost-effective solutions. In this process, designers and engineers exploit the breadth 

of AM-specific tools, such as generative design, topology optimisation, latticing and implicit 

modelling.  

2.2.1 Concepts, frameworks and design guidelines 

A significant number of DfAM frameworks have been proposed, as comprehensively 

reviewed by Pradel et al. [58], which generally incorporate design principles, guidelines and 

rules. Some key DfAM concepts have been summarised in the Appendix C. Design rules are 

very often utilised to express approaches that ensure manufacturing constraints and 

opportunities are considered. In the seminal work of Diegel et al. [33] some vital rules have 

been specified. For instance, that every rule is relative, i.e. that there is a great variability 

associated with them, as design and process parameters depend not only on one another but 

also on, e.g. print conditions (see Fig. 2-2(a)).  

 

Fig. 2-2: Examples illustrating some of the design rules proposed in [33]. (a) Dependence between hole size 

and feature thickness. (b) Relation between print orientation and support volume. (c) Part complexity 

threshold before AM becomes a serious option. (d) Effects of print orientation and customisation. (e) Effect 

of print orientation on part performance. Reproduced from [33] with permission from Springer Nature.  
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Furthermore, the question of whether AM should be used in the first place should be 

posed initially and assessed critically (recall Fig. 2-1 and compare part complexity threshold 

in Fig. 2-2(c)). The print orientation (Fig. 2-2(d/e)) affects not only the quality (part 

performance, surface finish, etc.) but also time and cost. The latter two refer to another very 

important design rule, which is to minimise the support volume, as depicted in Fig. 2-2(b). 

Diegel et al. [33] further emphasise that anisotropy should be avoided; however, as will be 

shown in sections 2.3.3, it can be exploited to one’s advantage if harnessed correctly. 

 
Fig. 2-3: DfAM framework integrated into a typical product design process, including influencing factors 

deduced design typologies. Reproduced from [58] under the terms of the Creative Commons CC BY license as 

stated by Taylor & Francis Group. 
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In [37], it was criticised that many works on DfAM lack i) integration into a common 

framework (fragmentation), ii) general validity in terms of the design rules, and iii) scope for 

innovation. Consequently, Kumke et al. [37] proposed a more comprehensive DfAM 

framework following conventional design methodologies like VDI 2221 [59]. The authors also 

highlighted the modular nature of the framework, facilitating design updates if requirements 

and AM technologies change or develop further.  

While these definitions and frameworks cover the most crucial AM-specific design 

aspects, material, microstructural factors, and process-induced effects have received little 

attention, both from a design and material standpoint, until the presentation of a coherent 

framework in [58]. It constitutes a comprehensive summary of DfAM knowledge and a 

breakdown of the typologies of design guidance, as showcased in Fig. 2-3. An important stage 

in the design workflow affecting the part performance is part programming. It encompasses 

aspects like build orientation, toolpath and infill optimisation, i.e. the process planning in 

general. These aspects will be discussed in more detail in section 2.2.3 and subsequently in the 

context of FRAM in section 2.3.3. 

2.2.2 Part design 

As bottom-up manufacturing minimises post-processing steps or assembly, except for 

some hybrid or multi-step AM techniques [54,60], all design features can automatically be 

implemented, providing designers and engineers with greater design freedom. Internal cavities 

[61,62], cellular structures [63,64], freeform geometries [65,66] or other intricate features 

could only be fabricated at a considerable expense and effort, using subtractive methods. This 

facilitates an entirely new way of designing, making AM attractive for applying structural 

optimisation tools and features. The most popular design tool to create lightweight structures 

today is the use of topology optimisation (TO) methods [64,67,68], followed by the application 

of lattice structures [52,67,69,70] geared towards energy- [71] and heat-dissipative [72] 

structures. Both are tightly connected to trending DfAM issues, as categorised into intrinsic 

and corresponding extrinsic factors in Fig. 2-4. AM also lends itself well to creating 

multifunctional parts, either through the deliberate manipulation of the microstructure to induce 

specific material behaviour via multi-material printing [24,73,74], biomimicry [53,75–84] and 

the integration of electronic components (or printing of conductive inks) [60,85–100] or via 

multi-objective optimisation methods (often linked with TO) [101–104]. Relevant to this work 
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are the two main lightweighting strategies, latticing and TO. While a separate section is 

dedicated to cellular solids (see section 2.3), the following shall briefly introduce TO.  

Initially, Bendsøe and Kikuchi [105] presented the first shape and TO approaches based 

on the homogenisation method (see section 2.4.5.2 for details). Later the landmark papers by 

Sigmund [106,107] established the groundwork for today’s most widely applied density-based 

TO method. Since then, the mathematically-based structural design optimisation techniques 

have evolved into a catalyst for AM design. While a range of other TO methods meanwhile 

exist [108], they all underly an objective function, commonly defined as minimisation problem 

for compliance (inverse of stiffness) or stress, subjected to constraints. The standard constraint 

is the volume fraction [106,109], but displacement [110] or frequency [111,112] have also been 

used.  

 
Fig. 2-4: DfAM framework composed of intrinsic and extrinsic AM-specific aspects central to the state-of-the-

art research in structural optimisation for AM. Overlaps of the extrinsic factors emphasise their relevance and 

interconnectedness to other topics, and the colour-coded bands illustrate thematic correlations. Reproduced 

from [67] following the terms of the Creative Commons CC-BY license. 

 

The SIMP approach (Solid Isotropic Material with Penalisation) is a density-based 

continuum method primarily used in academia and industry. Here, the element’s relative 

densities are related to the effective material moduli via a power-law expression [106], whereby 

the exponent is defined according to the Hashin-Shtrikman (HS) bounds [25,113] (see section 

2.4.4 for details). In an iterative process, finite element and sensitivity analyses are conducted, 

followed by regularisations and optimisation steps until the problem converges [25]. Today’s 
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research on DfAM in the context of TO focuses primarily on print-ready design (compare Fig. 

2-4), such as support-volume reduction [114–117] or elimination [118–122] (directly linked to 

the inclination angle, which is commonly 45° for most AM processes) and smooth boundary 

representations (e.g. CAD-friendly geometries) [119,123–129]. More recently, toolpath 

considerations have played a more prominent role in TO research, as will be discussed in 

section 2.3.3. 

2.2.3 Process plan 

2.2.3.1 Process-related considerations and constraints  

As part of DfAM, two constraint categories can be differentiated: structural 

performance-related constraints and economic cost-related constraints (e.g., support volume 

reduction in TO, post-processing requirements, etc.). These aspects are interconnected as a 

design with reduced support volume (lower material cost) usually compromises the 

performance in favour of a layout that is not as structurally sound. The focus of this review will 

be put on performance; however, for further reading on approaches underlying primarily 

economic thoughts, the reader is referred to the following papers [36,130–133], dealing with, 

e.g. cost, lead time and packaging efficiency in AM [134].  

Specific manufacturing constraints and suitable print materials are associated with each 

AM process, as outlined in the ASTM 52900-15 standard [54], dictating the feasibility of a 

design. These can range in, e.g. FFF from the print consumables (e.g. filament or pellets) to the 

extrusion temperature, whereby many of these factors are often mutually dependent. Naturally, 

different AM processes allow for dissimilar resolutions, putting the minimum feature size and 

tolerances into focus [135–137]. Nevertheless, even variations within the same AM process 

but different printers exist and cause differences in the achievable mechanical properties [138]. 

Information on the process-related advantages and disadvantages, the print materials available, 

and the associated applications have recently been reviewed [139–141]. Together, these two 

aspects form an essential part of DfAM with respect to geometrical limitations.  

Inherent, process-induced anisotropy in FFF and other extrusion-based processes can 

additionally be aggravated by the processing parameters mentioned above [142–144]. 

Especially the infill pattern and part-density were found to have a major impact on the 

mechanical properties [145–147]. The mapping of mechanical properties and geometrical 

accuracy to processing parameters, as recently conducted in [144], is an essential step towards 
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a holistic DfAM framework and will eventually aid the development of more informative 

design tools in AM-based software. 

2.2.3.2 Slicing – Infill patterns and G-code 

Slicing is the process of creating a parametric toolpath governed by machine commands 

(G-codes) from a 3D (CAD) geometry [148]. It is universal to AM-processes, linking the 

design and the manufacturing process in the design-to-print workflow (see Fig. 2-5) and usually 

commences with the segmentation of a CAD surface geometry into triangles. This is referred 

to as an STL file (alternative output files are STEP, AMF, 3MF or X3D), in which the xyz 

coordinates of the vertices and a corresponding unit vector of each facet is defined. A selection 

of CAD/CAM software for AM, is presented in the Appendix C.1. 

Numerous slicing software like Repetier, CatalystEX, Slic3r, Cura, Simplify3D, 

CraftWare, Insight or SciSlicer is at the user’s disposal today. However, they often represent a 

“grey box” approach, limiting customizability. This has recently led to intensified 

investigations in academia [146,149–155], dealing with process modelling for AM and 

predominantly focussing on tool path generation and slicing algorithms. The standard uni-

directional slicing represents a model’s division process into parallel slices/layers (2.5D), while 

the multi-directional approach exist [152,155] that are geared towards printers with multi-axis 

print heads. In light of streamlining the DfAM workflow, research into improving efficiency 

and computational cost associated with the slicing processes has also been conducted [156]. 

 
Fig. 2-5: Typical design-to-print process chain in AM. Reproduced from [33] with permission from Springer 

Nature. 

 

In layered extrusion-based processes, both the building direction and the infill strategies 

promote orthotropy [157], concatenating process-, structure- and property-specific aspects, 

making deposition path planning an emerging focal point for DfAM. Various generic toolpath 

patterns including raster path [158,159], zig-zag path [160–163], contour path [164–166], spiral 

path [167–169], hybrid path [170,171], Hilbert curves [172] and various forms of continuous 
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paths [151,172] have found application in today’s slicing software, however many more are 

meanwhile offered by companies like Cura [173,174]. For an overview and comparison of the 

more general manufacturing trajectories used in CNC-based (Computer Numerical Control) 

manufacturing, the reader is referred to [29]. 

Investigations into new infill patterns have become a subject of increased interest in 

academia due to this influence of infill patterns on structural and economic performance. This 

has produced studies on maze-like patterns [175], promoting quasi-isotropic properties, wavy 

infills [112], reducing build time and path length. Likewise, computationally inexpensive [148] 

and time-efficient fillings, making use of the ‘Traveling Salesman’ algorithm [154,176] and 

machine learning [138], have been proposed. From a manufacturability aspect, Voronoi-based 

continuous infills [178] have shown to reduce laser power requirements in selective laser 

sintering or stereolithography processes and adaptive infill pattern derived from the medial axis 

transformation (MAT) [113,158–160] demonstrated the possibility of gap-free filling of 

arbitrary shapes suitable for arc and wire AM. 

 
Fig. 2-6: Selection of different infill and toolpath strategies. (a) Zig-Zag path, (b) Hilbert curve, (c) 

Contour/Offset, (d) Wavy, (e) MAT-based, (f) Spiral, and (g) Maze-like. (a)/(e) Reproduced from [43] and 

[179] with permission from Elsevier. (b) Reproduced from [172] following the terms of CC-BY-NC-ND. (c) 

Reproduced from [166] with permission from Emerald Publishing Limited. (d) Reproduced from [151] with 

permission for Taylor & Francis. (f)/(g) Reproduced from [167] and [175] with permission from Springer 

Nature. 

 

The process-induced directionality of the properties in AM-parts is a well-documented 

characteristic [157,175,180], caused by the filament orientation [159,181–183]. Hence, 

investigating the effect of different infill patterns on mechanical properties has increased 

academic interest [146,184–186]. In this context, it was found that the mechanical properties 
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(flexural strength) of a continuous deposition path is superior to a zig-zag pattern [151]. 

Similarly, Wu et al. [187] discovered a superior performance of tailored infills, which were 

optimised for the principal stress direction compared to the uniform counterparts. However, 

most of today’s slicing software have a limited portfolio of infill options and hardly any options 

for customisation (e.g. select a single orientation for infill, pre-define paths freely, offset layers 

for hexagonal closed stacked structure, etc.). 

Another important feature affecting the material behaviour is the infill density (i.e. 

porosity) [186,188]. Both performance and lead time are inversely proportional to infill density 

[51,187]. In [188], it was shown that a solid infill was favourable for a compliance-driven 

design. In contrast, a porous infill (i.e. cellular design) demonstrated superior buckling 

performance with a slight compromise in stiffness. Gaps and voids are also detrimental to the 

performance but are commonly inevitable. Especially for FFF, intra-bead porosity [183] and 

inter-bead porosity [183,189,190] (i.e. in-plane and out-of-plane voids that typically manifests 

themselves in triangular pores, as detailed in Fig. 2-7(c)), are inherently present, even when 

printing at 100% infill. The latter is most likely reducible with a hexagonal-close-packed 

stacking [191]. The relationship between the detrimental pores on the infill strategy, print 

parameters, geometrical features, and complexity has been demonstrated in [146,190,192]. 

Consequently, research into pore-reducing infill strategies has seen attention  

[152,179,193,194]. A distinction is drawn between corner, edge and contour voids [190]. In  

[153], an implicit slicing method with various infill patterns was developed. It was outlined 

that the ‘void-factor’ will certainly gain weighting for highly complex shapes as familiar with, 

e.g. TO and deteriorate the mechanical performance. In [190], the bead width, the grid angle 

and the overlap percentage were identified as decisive factors for the void percentage and thus 

the performance. Authors [190] also highlighted how segmentation of a given slice into convex 

shapes, i.e. sub-domains, which are filled individually with a fixed tool path strategy, aids the 

reduction of voids. In this context, it is worth noting that hybridised fill-patterns were found to 

out-perform regular counterparts [195], further highlighting the potential of tailored infills. 

G-codes (common file extensions: .g, .gco or .gcode) delineate the machine language, 

translating the geometry into machine commands as a result of the slicing process. These 

preparatory codes define the tool paths and infill patterns and include information on the 

extrusion temperature, feed rate and printing speed, et cetera. While there are different 

firmware for G-codes (Marlin, RepRapFirmware, Repetier, Smoothie, Klipper, Prusa, 

MK4duo, MakerBot, etc.) with their unique commands, the main structure, commands and 
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functionalities follow the standard of the National Institute of Standards and Technology 

(NIST) RS274NGC [196]. Generally, G-codes are divided into modal groups starting with ‘G’ 

or ‘M’, initiating standard movements or user-defined commands (e.g. fan control, coolant 

control, etc.), respectively. These are followed by a number specifying the G/M-command and 

separated by space or line breaks from tool commands and/or coordinates as demonstrated in 

Tab. 2-1. For instance, ‘G0’ is hereby representing a non-extrusion movement, whereas ‘G1’ 

initiates an extrusion movement. The most common subsequent execution commands are thus 

defining the target position's X, Y and Z coordinates (always in reference to the present 

position). Other common command letters that succeed are related to the selected tool ‘T’, the 

feederate ‘F’, and the extruded length ‘E’. As shown in Tab. 2-1, the G and M commands are 

defined through integer numbers, whereas the following commands can also be fractional 

numbers. A complete list of possible command options can be found in [197]. 

 
Tab. 2-1: List of basic G-code command examples, illustrating the syntax and their meaning. 

Command example Meaning 

G0 Y10   Move to 10mm on the Y-axis 

 G0 F1200 Setting the feedrate to 1200mm/min 

G1 X10.5 Y22.2 Move to 10.5mm on the X-axis and 22.2mm on the Y-axis 

G1 F1500 Setting the feedrate to 1500mm/min 

G92 E0 

 

Setting the current extruder position to 0mm 

G1 X10 Y25.8 E8.2 Move to 10.5mm on the X-axis and 22.2mm on the Y-axis while extruding 8.2mm 

filament M106 S128 Turn on a fan to 50% speed (128/500 DC) 

M190 S80 Setting the target bed temperature to 80°C 

 

2.3 Fibre-Reinforced Additive Manufacturing 

2.3.1 Background 

Additive manufacturing of composite materials, specifically fibre-reinforced AM 

(FRAM), facilitates the manufacturing of light and stiff parts while still enabling geometrically 

complex design. It has received growing attention in academia [198–206] and industry [207–

209] over the past five years (recall Fig. 1-1), showcasing promising applications for the 

aerospace, automotive, biomedical or consumer goods market [16,198,210]. This is fuelled by 

the growing number of desktop [207,211,212] or industrial/robotic [208,213,214] FRAM 

printers, primarily based on the FFF technology. Analogous to conventional (laminated) 

FRPCs (fibre-reinforced polymer composites), printing carbon, glass, Kevlar or natural fibres 
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(e.g. jute or flax) [43] yields parts that significantly improve the performance over the pure 

polymer [215] and thus consolidates the technology’s place as a viable alternative to 

conventional manufacturing approaches. Thermoplastic matrices are most commonly used 

with FRAM as feedstock material can easily be fabricated and re-melted during printing; 

however, few preliminary works have also employed thermoset polymers [43].  

 

Fig. 2-7: Schematic drawings illustrating the (a)/(c) C-FRAM and (b) S-FRAM technologies highlighting the 

alignment of the fibres with the printing direction. (c) Illustration of the different scales and key microstructural 

features. (a) Reproduced from [216] according to the Creative Commons Agreement (CC BY 4.0); (b) 

Reproduced from [217] with permission from John Wiley and Sons. (c) Reproduced from [44] with permission 

from Elsevier. 

 

FRAM can be divided into short and continuous fibre-reinforced AM (S-/C-FRAM), as 

recently reviewed in [198,210,218]. There exist print heads for the in-situ combination of 

matrix and fibre [183,219] or conventional ones that use pre-fabricated filaments [183,220], in 

which the reinforcement is encapsulated by the matrix [198,221]. Due to the mostly layered 

manufacturing approach, there is an inherent difference in the in-plane and out-of-plane 

properties, showing transversely isotropic characteristics, following similar rules found in 

composite laminate theories [203,222]. Like the tailored fibre placement (TFP) process, the 

fibre direction defines the favourable loading direction. Thus, a toolpath/alignment strategy is 

essential for realising structurally efficient prints (i.e., exploiting the feedstock material 
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properties). In this context, it is worth noting that a few micromechanical models for describing 

longitudinal and transverse properties of AM composites are relevant, as reviewed in [198]. 

This includes, e.g. the Voigt-Reuss (inverse rule of mixture), the Halpin-Tsai [44,221,223] or 

volume average stiffness [224] method. 

In C-FRAM, fibre and print direction align naturally, but also the shear stresses in the 

nozzle (adjustable by nozzle shape) force an alignment of short fibres with the print direction 

[159,181–183,191,217,225,226], as shown in Fig. 2-7. An overview of the mechanical 

properties and characteristics of FRAM have been provided in [189,202,210,215,227]. While 

continuous fibre composites naturally outperform the short fibre counterparts (i.e. effective or 

critical fibre length [220,226]), the fibre volume fraction remains one of the most important 

factors affecting the performance (see Fig. 2-8(d)) [228,229]. Furthermore, various works have 

showcased the relationship between the processing parameters [144,146,198,217,230,231] and 

the performance. An aspect of AM generally of interest are voids, specifically inter- and intra-

bead porosity [183,189,190,192,230,232–234] that naturally occur in extrusion-based prints 

without post-processing. As elucidated by Fig. 2-8(a), performance and manufacturability are 

closely interconnected, putting DfAM into the focus. Specifically, the efficient placement of 

continuous fibres has been shown to provide properties that exceed those of metals (see Fig. 

2-8(c)/(d)). However, it comes at the cost of more challenging manufacturing constraints.  

Printing continuous fibres is much more challenging both from a fabrication standpoint 

and a design standpoint. The former aspect relates to the crucial impregnation of the fibre, 

relevant, e.g. in in-situ processes [169,191,206–210], but also the inter-bead bonding [239] 

between pre-impregnated filaments is of importance. From a design or process design 

perspective, toolpath strategies or infill patterns [43] (see section 2.2.3.2) are essential in 

achieving high-performance parts. Even the strategic selection of individual path’s start- and 

end-point has been the subject of research within this field [198].  

DfAM for FRAM is an area of ongoing research and there is no consolidated list of 

design guides yet. Nevertheless, the following review on S-/C-FRAM aims to shed light on the 

important aspects to consider. It is, however, worth noting that general design frameworks for 

multi-material AM have been proposed [240], elucidating, e.g. the need for prioritising material 

compatibility and focusing on technical and functional requirements for each constituent.  
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Fig. 2-8: (a) Trade-off and sweet-spot between manufacturability and performance in relation to short and 

continuous fibres (Redrawn from [241] as based on [242]). (b) Relation between fibre aspect ratio and volume 

fraction, highlighting how alignment can improve packing efficiency (Reproduced from [44] with permission 

from Elsevier.) (c) Specific tensile properties achieved with S-/C-FRAM, as reproduced from [44] with 

permission from Elsevier. (d) Absolute tensile properties achieved with C-FRAM (here abbreviated as ‘CF-

3DP’) in comparison to conventional composites and metals and in relation to the fibre volume fraction, as 

reproduced from [43] with permission from Elsevier (please refer to original work for references to underlying 

data).  

2.3.2 Structure-property-processing relationship  

2.3.2.1 Short fibre-reinforced AM  

Various studies [183,220,221,243] reported improved Young’s modulus and strength of 

short fibre-reinforced parts compared to the unreinforced counterparts fabricated with AM. 

Furthermore, improved toughness [244] or enhancements in specific modulus and strength 

[183,217,228] were achieved by tailoring the microstructure or mesostructure, respectively. 

This efficient alignment of fibres [183] was found to outweigh the inherent drawbacks of parts 

created from FFF, such as high porosity and insufficient fibre matrix bonding, and enable 

comparable strength values with fibre reinforced compression moulded parts [183]. For 

instance, a fivefold difference in Young’s modulus between tension specimens printed in the 

longitudinal and the transverse direction was ascertained in [225,228]. As a high aspect ratio 

of the short fibres is crucial to achieving a high alignment of the fibres with the print direction 
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[183,191,217,225,226], it is worth noting that the length of the short fibres equally limits the 

performance (see Fig. 2-8(a)) [183].  

Manufacturability - Vital aspects affecting the performance in parts created from S-

FRAM are the processing parameters [103,105,199], which can cause insufficient 

consolidation between adjacent filaments when the extrusion is too low [225]. This includes 

the nozzle temperatures, print speed, infill pattern, infill percentage or layer height, which can 

mutually depend on microstructural phenomenons [217]. Moreover, these can significantly 

affect the probability of microstructural flaws in S-FRAM designs, such as voids or coarser 

surface roughness. It was found that this is more likely in parts with fibre reinforcement [221] 

compared to unreinforced counterparts. In another experimental study on DfAM for FRAM 

[144], it was concluded that build direction, extrusion temperature, and layer height have the 

greatest effect on the part's dimensional accuracy and mechanical performance.  

Besides, the critical fibre length (i.e. the effective length of the processed fibres) becomes 

of great importance as it dictates the load transfer from matrix to fibre [220,226]. However, 

there is a trade-off between fibre length and fibre content (see Fig. 2-8(b)), two factors which 

have a positive impact on the mechanical properties, as the loading on the fibre increases with 

higher fibre volume fraction, which causes the fibres to break [183]. Additionally, it was found 

that nozzle clogging becomes a severe limiting factor for FFF above 40 wt% carbon fibre [183]. 

In fact, only a volume fraction of about 20% was estimated to be achievable with a direct ink 

writing (DIW) process given optimisations in the nozzle geometry [191]. Based on these 

findings [183,191] and compared to the otherwise prevailed fibre volume fraction of about 60% 

in state-of-the-art lightweight composite structures in the aerospace industry, this might pose a 

major limiting factor for parts created from S-FRAM. 

Microstructure and fibre orientation - Microstructure control over the fibre alignment 

in S-FRAM processes has been the focus in various studies [191,200,230,245] in pursuit of 

adapting and enhancing the properties. Lewicki et al. [191] fabricated CF-epoxy composites 

with improved axial fibre alignment, i.e. controlled orthotropy. Compared to an equivalent 

(same fibre volume fraction) pressed specimen composed of chopped and random CF filling, 

the Young’s modulus was increased by up to 37%. Also, higher compressive performance in 

all three orientations was observed. Likewise, Ning et al. [230] demonstrated that the infill is 

critically affecting the performance. It was found that 0°/90° grid infill yields significantly 

higher strength and Young’s modulus as the ±45° counterpart due to an improved load transfer.  
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Furthermore, Ma et al. [186] have also elucidated the effect of different infill patterns 

and infill densities on elastic properties. The importance of microstructural control with S-

FRAM was further emphasised, as the performance of some infill patterns remained equal, 

independent of whether the part was printed with or without short fibre-reinforcement [186]. 

In this context, it is worth noting that in [225], a nature-inspired carbon fibre epoxy-composites 

with locally varying, i.e. programmable fibre orientation using a rotating printing head was 

realised. Here, it was demonstrated that the mechanical properties could be tailored from 

anisotropic to quasi-isotropic within a part fabricated with S-FRAM. The control over the 

microstructural heterogeneity could thus also be used to initiate a controlled failure and govern 

the way the crack propagates [225]. Therefore, this method could be a promising strategy to 

realise complex TO-designs, as for instance, proposed in [246].  

2.3.2.2 Continuous fibre-reinforced AM (C-FRAM) 

C-FRAM is an area of research gaining immense traction over the last years, producing 

numerous studies [185,192,201,216,229,232–237,239,247–257], revealing significant 

improvements in tensile and flexural stiffness and strength over the unreinforced counterparts. 

It was indeed found that the attainable properties with C-FRAM are comparable to those 

fabricated from injection moulding [219]; however, inferior to prepreg composites [232]. 

Initially, research on C-FRAM was based on specimens produced from commercial 3D printers 

[192,201,232–234,247] using pre-impregnated fibres. More recent studies employ custom print 

set-ups [204,216,235,237,239,248–250,253,255], to gain more control over the process and 

design parameters. This has enabled for instance the manufacturing of free-hanging lattice 

structures that are printed without support into virtually any direction in the 3D space (see 

Appendix D). 

Manufacturability - Porosity, i.e. a void content of 7%-18% [192,232–234,258], was 

identified as a significant limiting factor for the mechanical properties of parts produced from 

pre-impregnated continuous fibres and was attributed to insufficient compaction, which is a 

common problem with AM. Studies conducted with custom printers have observed similar 

inter-filament voids [216,237], also leading to reduced interlaminar shear performance [258]. 

Approaches that employ consecutive consolidation and deconsolidation stages have been 

shown to reduce the intra-filament porosity significantly [255]. Similarly, there is also a limit 

to the maximum fibre content achievable, starting from about 6% [216] up to 27% [239] and 

even 34% [237] for specimens produced with a custom printer. In contrast, the commercial 
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printers of Markforged Inc. [207] were found to produce fibre volume fractions in the realm of 

30% [201]. As theoretical estimates suggest a maximum of 40%-50% for FFF [216], they 

cannot compete with prepreg composites yet and thus emphasise the importance of tailoring 

fibre paths to improve the structural efficiency over traditional CFRPs.  

Toolpath strategies for C-FRAM face challenges, including common points of failure 

(i.e. weak-spots) localised at points of fibre discontinuities [234] or when fibre trajectories have 

small radii, which allows for gaps to form between the adjacent paths [49,192]. This is closely 

linked to a reduced interface strength [201]. Together with increased layer thickness [210], 

those have been identified to cause fibre pull-outs and interlaminar delamination. Particularly, 

the bonding strength is a decisive factor for the performance of C-FRAM parts [239]. Reduced 

layer thickness and hatch spacing and an increased feed rate affect the flexural strength and 

stiffness positively, as the compaction and bonding strength between the filaments is improved 

and the fibre volume fraction is increased [239]. From a hardware optimisation perspective, Li 

et al. [259] demonstrated an innovative microwave in-situ heating procedure for C-FRAM that 

can improve the interfacial strength. 

Microstructure and fibre orientation - Due to the higher material anisotropy compared 

to S-FRAM, controlling the fibre orientation with C-FRAM becomes even more significant 

[198,260–262]. This has been emphasised in [261], where tensile, fatigue and creep tests were 

conducted on specimens with ‘concentric’, ‘isotropic’ or mixed infill patterns printed with 

different continuous fibres. The authors found that the performance and thus structural 

efficiency varied for different infills despite the same fibre volume fraction realised across the 

specimens. Similarly, in [260], concentric fibre rings have been shown to outperform isotropic 

(±45°) infills when loaded in bending and in [262], they have also been shown to outperform 

quasi-isotropic (0/45/90/45)S specimens tested in compression. The majority of research on C-

FRAM employs closed-source implementations and thus is greatly limited by the slicing 

software in terms of the available infill patterns [198]. Together with the insights provided in 

section 2.3.2.1, it is evident that DfAM for FRAM is crucial and will be reviewed in section 

2.3.3 more closely, including some open-source implementations that provide a glimpse into 

the untapped potential.   
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2.3.3 Design for fibre-reinforced additive manufacturing  

Designing for performance-driven structures with short or continuous fibre-reinforced, 

as opposed to single isotropic materials, requires the consideration of new design rules. This 

encompasses both the part design and process plan (recall sections 2.2.2 and 2.2.3). More 

specifically, the design process principles for FRAM can be differentiated into i) material 

composition, ii) machine components, iii) process parameters, and iv) application, as proposed 

in [48]. The authors [48] outlined numerous design guidelines found in literature, which can 

be clustered into fibre alignment, fibre-matrix adhesion, fibre content, fibre distribution, matrix 

curing, porosity and dimensional control. Aspects of infill patterns and toolpath strategies will 

be discussed in more detail in the following, overlapping with many of the above categories.  

As reviewed by Zhou et al. [43], the goal of FRAM should be to unite high geometrical 

complexity and performance. These must be facilitated by streamlined workflows, starting with 

updated design rules and modelling tools and ending with means of analyses, better capable of 

simulating such unconventional composites characterised by high anisotropy. Ideally, the 

macroscopic and microscopic design is concurrently optimised (e.g. topology optimisation 

with anisotropic consideration [222]). These methods are still in their infancy [263–266] and 

lack experimental implementation and validation. Thus, a more practical approach, finding 

increased research interest, is reinforcing a set layout/geometry, i.e. superimposing fibre 

trajectories onto, e.g. a conventionally (isotropic considerations) topology optimised part [43]. 

Consequently, the aim is that load directions coincide with the fibre paths [43,267] 

while adhering to manufacturing and design constraints [198]. Unique design guidelines for 

FRAM were also outlined in [50], highlighting the possibility of fabricating support-free 

lattices. From an economic standpoint, C-FRAM also offers the opportunity for selective 

reinforcement and potential improvements of the through-thickness properties with the 

emergence of non-planar slicing/printing. Reinforcement guidelines were also formulated in 

[268], emphasising that fibre trajectories should - among others - i) go through areas of high 

von Mises stresses while aligning with principal stresses, ii) be as continuous as possible and 

iii) have start- and end-points in low-stress areas.   

2.3.3.1 Commercial closed-source printers  

While there is an abundance of conventional extrusion-based FFF printers in the 

market, offering closed- and open-source hardware and software solutions, only a handful of 
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printers for FRAM (especially C-FRAM) exist to date [43]. Most of those commercial printers 

only work in conjunction with their proprietary slicing software and feedstock materials. 

Conventional infill functionalities of slicing software include mostly generic patterns 

like linear, rectilinear, concentric, isotropic, honeycomb, zig-zag, grid or similar, which are 

fixed patterns superimposed onto each slice. These originated from the early application of AM 

for mostly prototyping purposes for which the form is of primary and properties of secondary 

importance. With FRAM, this hierarchy is reversed. However, early slicing software is still 

clinging to those early patterns and thus fail to exploit the inherent material properties of high-

performance feedstock. Infill patterns researched in connection with FRAM are i) 

linear/isotropic [201,253,269], contour or concentric [201,232,262] or honeycomb [217,270]. 

From a manufacturing standpoint, a constraint with commercial extrusion-based FRAM 

printers is generally the minimum fibre length or volume that can be printed. This is limited by 

the length between the position in the print head where fibres are cut and the tip of the nozzle. 

A drawback is the corresponding (primarily proprietary) slicing software, e.g. provided by 

Markforged Inc.[207], offering set/fixed reinforcement strategies, i.e. infill patterns, which lead 

to inefficient reinforcement of the parts. Tab. 2-2 summarises the currently available slicing 

software for FRAM. They are characterised by a small number of control parameters and means 

for tailoring the infill patterns. This often results in fragmented, i.e. locally varying, asymmetric 

fibre distribution, or even unreinforced features. As these patterns are automatically created 

without prior knowledge of the prevalent loads, purely concentric infills or the simple 

reinforcement of holes (feature-recognition approach) are somewhat arbitrary.  

 
Tab. 2-2: Tool path planning strategies and capabilities of commercial FRAM-specific slicer software, as 

reproduced from [41]. 

Slicer (Company) Tool path planning features Additional capabilities 

Eiger (Markforged) 

[271] 
• Concentric or Isotropic (stacking 

sequence) infill   

• Feature-recognition (reinforced 

inner and outer perimeters) 

FibrifyTM  

(9T LABS) [212] 
• Rectilinear, Concentric or Octogram 

spiral infill  

• Polygon-based fibre placement 

• Integration into FEA software 

• Reinforced outer shells 

• Corner fibre cutting corrections 

Aura (Anisoprint) [272] • Solid (stacking sequence) and grid-like 

infills with custom rib and guide angles 

• Mask-based fibre placement 

• Feature-recognition (reinforced 

inner and outer perimeters) 
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2.3.3.2 Toolpath strategies considering process- and material-induced anisotropy 

As outlined above, current challenges in DfAM with composites encompass the 

effective control of the process- and material-induced anisotropy to compete with traditionally 

manufactured continuous fibre-reinforced composites. Approaches often used to inform a tool 

path pattern for FRAM are based, e.g. on topology optimisation results [268,273,274], the 

principal stresses [257,275], or heuristics [267,276], as illustrated in Fig. 2-9. An often-

overlooked aspect in these methods is the manufacturability with C-FRAM, i.e. ensuring i) 

equidistant curvilinear paths, which is problematic with some of the stress-based approaches 

(compare Fig. 2-9(b)), or ii) fibre path continuity. Likewise, a good surface finish is desirable; 

thus, contour paths should, if possible, be considered. Contour paths were considered in [273], 

which significantly improved the specific tensile and flexural performance. Similarly, Dapogny 

et al. [277] presented a shape and TO method for creating infill designs, as shown in Fig. 2-9(d). 

The authors concluded that structures with an anisotropic infill have a far superior performance, 

while offset-based approaches (similar to concentric infill) generally underperform. 

 
Fig. 2-9: (a) Topology optimised suspension plate yielding the blueprint for the toolpath strategy, as reproduced 

from [273] with permission from Elsevier. (b) Principal stress trajectories created for an open-hole tension 

sample loaded in different directions, as reproduced from [275] with permission from Elsevier. (c) Lug sample 

with unconventional (heuristic) infill pattern as reproduced from [233]. (d) Different infill patterns, including 

contour paths, as reproduced from [277] with permission from Elsevier. 
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Level-set function based TO methods have also been used in different works [238–

240,253], providing infill designs geared towards maximum stiffness through control of 

material anisotropy. The method in [266] additionally ensured C-FRAM specific design 

considerations, namely continuous and smooth fibre paths, which have been shown to produce 

low compliance results. The continuity of fibre paths constitutes a critical design and eventually 

process planning aspect [234,279], improving the load transfer and reducing the risk of local 

weak spots that act as crack initiation sites. Thus, as proposed in [280], a single and continuous 

infill strategy could be promising alternatives as it eases and accelerates processing. 

Aligning short- and continuous fibres predominately with load trajectories has been 

shown to increase the stiffness of AM parts noticably [274]. Furthermore, the control of the 

print/extrusion speed and thus shear force in the nozzle (recall section 2.3.1) was exploited to 

locally control the level of anisotropy using S-FRAM, which also led to significant 

improvements in stiffness. In the context of process planning, inspiration could also be drawn 

from TFP. Here, works have also proposed stress-adapted tool path designs [281] or equidistant 

and gap-free pathing strategies informed by the fast marching method [282]. 

2.4 Cellular Solids  

2.4.1 Classification 

In the academic context, mesostructures (Greek word ‘mesos’, meaning middle or 

intermediate) are commonly used interchangeably with cellular solids [283], which are 

aggregation of ‘little cells’ (from the Latin word ‘cellula’), composed of solid edges and faces 

[284]. Cellular solids constitute an essential structural feature of nature that is found in, e.g. 

bone, sponges, wood, et cetera and providing exceptional weight-efficient properties that 

stretch far beyond merely the structural benefits. In natural structures, unit cells are generally 

small building blocks embedded in multi-scale hierarchical configurations [285]. Being 

heterogeneous in nature, cellular solids can systematically be differentiated from homogeneous 

materials that are fully dense. Analogous to the constant improvement of the structural 

efficiency (e.g. weight-/material-reduction in wheels), a similar trend has been observed on the 

material level over the past years (see Fig. 2-10).  

Engineers and designers are findings themselves in permanent pursuit of balancing the 

conflicting properties stiffness and strength, i.e. the structure’s ability to resist deformation and 

carry as much load as possible before failure. Nature has perfected this balancing act over the 
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years, making it a blueprint for replication, yielding new artificial structures. Gibson and Ashby 

[284] pioneered the characterisation of cellular solids, analysing a broad range of foams, 

emphasising how their properties are dependent on their shape and structure (i.e. their cell size 

and/or topology) as well as the cell wall (parent) material. Their seminal work focused on 

stochastic foams (see Fig. 2-12), based on polymers, metals, and ceramics fabricated via a 

foaming process with gases. They originally classified cellular solids into foams and 

honeycomb structures. Since then, many more unit cell (UC) shapes and design approaches 

have emerged, as illustrated in [286]. This included influences from mathematics and 

crystallography in classifying cellular solids. Consequently, a portfolio of unit cell designs are 

at one’s disposal, which is associated with i) tessellation, ii) elements, and iii) connectivity 

[286], as shown in Appendix E.1.  

 
Fig. 2-10: Structural principles applied to the material scale, leading to higher structural efficiency. Reproduced 

from [287] with permission from Annual Reviews. 

 

With AM, the realisation of intricate cellular solids with well-defined topologies 

became feasible (i.e. non-stochastic), boosting the research into new types of cellular solids. 

An increasingly important subset of those are lattices, a term strongly coined by the AM 

community [288] and typically refers to structured and tessellated cellular solids. The word 

stems from the old French word ‘latiz’, describing a lath, which is a fine network of interlaced 

wooden strips. Besides the original works on foams, lattice research generally investigates 

cellular solids with higher relative densities but can equally be comprised of both open- and 
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closed unit cells. Due to their outstanding physical properties, additively manufactured lattice 

structures have seen successful adoption over the past ten years [289] by the medical sector 

[8,290,291], the automotive [292,293], aerospace [294–297] and consumer goods [36,298–

300] markets, as exemplified in Fig. 2-11. 

 
Fig. 2-11: Real-world applications of 3D printed lattice structures. (a) Pelvic implant, (b) aircraft seat, (c) 

bicycle helmet, and (d) automobile suspension part. Reproduced from [301], [302], [303], and [292] (in the 

order they are presented) with permission from Elsevier. 

 

Initially, truss-like lattices, (e.g. BCC – body-centred-cubic and FCC – face-cantered-

cubic) were investigated [304]; however, implicit modelling and surface-based lattices such as 

the triply periodic minimal surface lattices (TPMS lattices are defined by implicit trigonometric 

functions, as detailed in Appendix L) have gained immense traction, boosting the AM market 

(see Fig. 2-12). This stems from the excellent potential for lightweighting and enhancing 

multifunctional properties in parts. With new modelling tools, lattices became a tangible design 

feature that could be integrated more easily into product design with benefits for both the 

consumer (higher performance) and the manufacturer (e.g. less waste). Chu et al. [305] first 

elaborated on the importance of DfAM considerations when employing mesostructures and 

underlined their potential for improved part performance and functionality based on different 

wing and beam examples. In [283], a workflow for achieving a particular functional target with 

an additively manufactured mesoscale lattice was presented (AM constraints were considered). 

It consists of the five design phases i) UC design selection, ii) UC sizing, iii) Design space 

population, iv) Setting a density gradient, and v) Verification and optimisation of the lattice. In 

[306,307], a detailed summary from the design to the analysis of cellular structures for AM 

was presented.     

More recently, new techniques for creating architected lattices [52] have seen growing 

interest in academia and industry (see Fig. 2-12). These are realised by grading the unit cell 

density and size (functionally graded lattices) [308–310], through hybridisation/morphing 

[311,312] of different unit cell types and through the use of TO [313,314]. Due to the 
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abundance of unit cell topologies in combination with ways to alter the lattice topology, the 

umbrella term ‘architected’ structures has seen widespread adoption. Particularly software 

companies like nTopology [315], offer sophisticated tools for creating and manipulating lattice 

structures, have coined this term (see Appendix C.1 for a list of different latticing software). 

The ability to locally tailor the lattice properties with these kinds of mesoscale manipulations 

provides scope for more efficient use of material (see section 2.4.3). 

 
Fig. 2-12: Classification of cellular solids. (a) Open- and (b) closed-cell aluminium foams reproduced from 

[316] and [317], respectively, with permission from Elsevier. (c) Voronoi-based cellular solid reproduced from 

[318] with permission from Elsevier. 3D printed polymer-based (d) body-centred-cubic, (e) simple cubic body-

centred-cubic lattice [reproduced from [319] with permission from John Wiley and Sons], and (f) Schwarz-P 

lattices. (g) Density-graded, (h) unit cell size graded and (i) morphed architected lattices.   

 

Strut-based tessellated unit cells often yield loose-hanging members (non-conformity 

with design space), which impair the structural performance [320,321]; however, surface-based 

lattices are less affected by this [52]. The simple tessellation of unit cells generally requires a 

subsequent trimming step to seamlessly integrate lattices into a design (i.e. to achieve 

conformal lattices). Aremeu et al. [72] showcased a voxel-based net-skin approach that ensures 

conformal lattices despite tessellation by re-connecting strut-members at the boundary. In light 

of AM-specific print resolution limits, it is believed this method achieves a good compromise 

between modelling a sufficient level of geometrical detail at a reasonable computational cost. 

 Other standard techniques for achieving conformal non-stochastic patterns are 

sweeping, meshing/mapping, whereas stochastic unstructured formations (e.g. foams) can be 

achieved via dithering [422,423] or Voronoi methods [318]. The conformal lattice generation 
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approaches are visualised in the Appendix E.1. Ongoing research is concerned with flexibly 

creating different conformal lattices at a low computational cost [322].  

2.4.2 Types of lattices  

As indicated above, lattice structures can broadly be differentiated into strut-, surface- 

and sheet-/plate-based structures (see Fig. 2-13). The former is built on beam elements, 

whereas the latter two are constructed from surface elements. Due to the scale of individual 

unit cells ranging from micrometres to millimetres, they can be perceived as both a structure 

and a material (recall Fig. 2-10). These can either be analysed with classical laws of mechanics 

or as a material with effective properties comparable with those of the parent material (i.e. 

monolithic properties) [323]. AM paved the way for fabricating those complex designs, which 

led to the emergence of ever-growing unit cell libraries/families [52,324,325]. 

 
Fig. 2-13: (a)-(h) Strut- and (i)-(p) surface-based TPMS unit cells, reproduced from [52] with permission from 

Elsevier following the Creative Common Attribution 4.0 International (CC BY 4.0). (a) BCC, (b) BCCz, (c) 

FCC, (d) FBCC, (e) S-FCC, (f) S-FCCz, (g) S-FBCC, (h) S-FBCCz, (i) Schoen’s Gyroid, (j) Schwarz’s 

Primitive, (k) Schwarz’s Diamond, (l) Schoen’s iWP, (m) Lidinoid, (n) Neovius, (o) Octo, and (p) Split P. (q)-

(v) Plate-based unit cells, reproduced from [319] with permission from John Wiley and Sons. (q) BCC, (r) SC, 

(s) FCC, (t) SC-BCC, (u) SC-BCC-FCC, and (v) SC-FCC. (w)/(x) Hybrid cellular materials based on a Neovius 

or cubic closed-cell combined with a Schwarz-P unit cell. Reproduced from [326], following the Creative 

Commons License (CC BY NC ND).  

 

The creation of a lattice via tessellation of unit cells can be conducted periodically (e.g. 

edge-to-edge is the Schwarz-P lattice shown in Fig. 2-12 (g)), stochastically (e.g. Voronoi-like 

approach) and hierarchically (e.g. branch-guided cells in dragonfly wing) [286]. From a 

perspective of designing lattices within a CAD environment, the design approach can either be 

utilising geometric primitives (e.g. in the case of strut-based lattices), implicit surfaces or use 
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TO [285], in which case surfaces and boundaries are commonly smoothed employing Brep 

(boundary representation in CAD software, including, e.g. splines) methods. Today’s CAD is 

catering in part to the growing demand for modelling lattices for AM; however, imaging these 

complex structures is constituting a significant bottleneck, resulting in large file sizes [283]. In 

fact, this issue is dragging on to the slicing software, often incapable of processing this 

immense amount of data. Even with surface-based lattices, one faces computationally intensive 

workflows [328], but at least, implicit parametric modelling approaches used in this context 

simplify the modification. In [329], the advantage of using Vrep (volume representation) over 

Brep (boundary representation) was highlighted regarding the computational ease of 

conducting Boolean operations. In view of this, methods for reducing the file size during the 

conversion into STL files are also of interest [330]. While STL files are still the most common 

file type being used in the AM ecosystem, this additional conversion step between CAD and 

G-code still elicits whether it would be computationally more efficient to convert such complex 

geometric models straight into the machine language. 

2.4.2.1 Strut-based lattices 

Strut-based lattices were the first and most common periodic lattice structures that have 

been scrutinised in academia. These served as theoretical models for the underlying beam 

theory of Gibson and Ashby for describing foams [259], and their classification and taxonomy 

is derived from crystallography and the unit cell’s geometric features [304]. Popular examples 

are the body-centred-cubic (BCC) and face-centred-cubic (FCC) unit cell lattices. Besides 

multiple other unit cells built from simple beam elements, variations were developed that 

denote the integration of additional struts in a certain direction of the Cartesian system, e.g. 

BCCz, as shown in Fig. 2-13(b). Maxwell’s criteria can describe the mechanical behaviour of 

strut-based lattices based upon the connectivity (see Appendix E.2).  

2.4.2.2 Sheet-/plate-based lattices 

Similar to the strut-based lattices, the plate-based lattices employ simple geometrical 

primitives to recreate crystallographic structures (see Fig. 2-13(q)-(v)). For this reason, they 

are differentiated from the surface-based lattices, like the TPMS, which can be described by a 

single mathematical expression that yields complex freeform shapes. Mohr and co-workers 

have considerably contributed to building knowledge on the properties and characteristics of 

the plate- or shell-based lattices [319,331–336].  



 Literature Review 

- 35 - 

 

2.4.2.3 Surface-based TPMS lattices 

Examples of triply periodic minimal surface (TPMS) unit cells are shown in Fig. 

2-13(i)-(p). They are characterised by are first- and second-order continuity (zero-mean 

curvature and absence of singularities, which differentiates them from the self-intersecting 

plate-based lattices) and are defined via implicit trigonometric formulae fulfilling the inequality 

condition 𝑓(𝑥, 𝑦, 𝑧) ≤ 𝑡. The iso-surface boundary between the solid and void regions is 

defined via the iso-value t, governing the offset from the level-sets [52]. Further 

details/background on TPMS are provided in the Appendix L and a library of different unit cell 

types is provided in [337]. The nomenclature is generally associated with their discoverer's 

name, and prefixes often denote the network or solid phase of the surface representation [52].  

2.4.3 Architected lattices 

Architected mesostructures are becoming increasingly popular with AM [283]. In this 

context, lattice structures are often referred to as metamaterials. This term originated from the 

initial research into lattices that affect electromechanical wave propagation (e.g. photonic 

bandgap materials). However, now it is used in a much broader sense, including all cellular 

materials with atypical properties (e.g. auxetic, thermal or chemical behaviour) [287]. Cadman 

et al. [101], provide a comprehensive overview of the multifunctional properties of 

metamaterials. More importantly, architected structures include cellular solids tailored to a 

specific load. For this purpose, the cell topology is manipulated to generate a lattice with locally 

varying mechanical properties. At the forefront of academic research is how such functionally 

graded lattices (FGLs) can be effectively integrated into the DfAM framework and how they 

perform and respond to loading. For further discussions on classifying and applying architected 

structures, please refer to [70,286]. 

2.4.3.1 Size, shape, and topology optimised lattices 

Local manipulation of the unit cell’s size, shape and consequently topology within a 

lattice structure is an emerging research field, yielding (non-uniform) architected materials 

with improved structural efficiency. In [338,339], the size matching and scaling method for 

mesoscale lattices was presented. Compared to TO methods, it provides a computationally 

more efficient way to adjust the diameters of large and complex strut-based lattices to the 

present stresses. Likewise, the authors highlighted that the method lends itself to account for 

DfAM constraints (minimum manufacturable feature sizes). The identification and elimination 
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of sacrificial strut members have also been the subject of investigation in [340], yielding 

heterogeneous cellular solids with improved multifunctional performance (e.g. heat transfer). 

On a more local level, fillets have been introduced to strut-based lattices to avoid sharp 

geometrical changes [341]. 

Evolutionary TO methods like BESO (bidirectional evolutionary structural 

optimisation method) were also employed to create conformal, and strut-thickness optimised 

lattices (based on the von Mises stresses) while adhering to manufacturing constraints (feature 

size and overhang angle) for AM [342]. Likewise, BESO was used to create new (freeform) 

cell topologies [343].  

2.4.3.2 Functionally graded lattices (FGLs) 

Besides the abovementioned works, the most common use of the term ‘topology 

optimised lattices’ is utilised in the context mapping approach. Here, the lattice structure’s local 

relative density is updated based upon an unpenalised density-based TO-solution, as reviewed 

in [67]. Specifically, the density information is used to create, e.g. graded, intersected or scaled 

lattice structures with variable cell topologies, as detailed by Panesar et al. [52]. Multiple 

studies [52,69,320,344–349] have employed these techniques to create FGLs with improved 

stiffness and robustness over uniform lattices. Other popular compliance-driven approaches 

yielding unstructured variable-density porous infills have been investigated in [51,187,350–

353]. Here, the blueprint for the infill design is commonly derived from the density-gradient 

information of a TO. This yields, e.g. isostatic stress trajectories, used in [352,353] to guide a 

strut-based lattice.  

Other than those numerical approaches yielding mostly unstructured FGLs (mainly 

infills with variable density), significant research focus is put on periodic FGLs in pursuit of 

assessing purely mesostructural characteristics [354]. FGLs commonly include grading the 

UC’s relative density and size [310,355] within a lattice; however, grading the UC size is a far 

less researched topic in the academic community. Nevertheless, to date commercial AM-

specific software like nTopology [315], Altair [315], or Materialise [357]  provide these lattice 

manipulation capabilities. Initial research on such FGLs focused on a discrete, i.e. piecewise 

variation in relative density between unit cell layers of a tessellated lattice (i.e. constant volume 

fractions within each unit cell) [358,359]. True functional density grading where the relative 

density varies within a unit cell became popular with the introduction of the surface-based 
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TPMS lattices [52,308,360,361], as illustrated in Fig. 2-12(g). These works commonly centre 

on the voxel paradigm rather than the boundary (volume) representation (B-rep). In truss-based 

lattices, this leads to the inherent issue of uneven connectivity between unit cells of different 

relative densities (FGLs). Nonetheless, recent research has shown the possibility to use B-

spline surface representation to achieve a smoother boundary representation [346]. Also, strut-

based FGLs have been modelled with beam elements of irregular strut thicknesses [362].  

The most commonly employed grading scheme in TPMS lattices is a linear change in 

relative density along a fixed direction; still, any type of spatial grading is possible, with recent 

examples demonstrating quadratic or sinusoidal schemes [308,312,354]. Hybridisation 

represents another technique whereby unit cells of different topology or cell size are smoothly 

morphed into one another. The latter enables the design of lattices with a graded unit cell size, 

as shown in Fig. 2-12(i). This approach was originally proposed in [20] and employs the 

sigmoid function in conjunction with primarily implicitly defined unit cells, but meanwhile 

approaches using a volumetric distance field and beta growth functions have been presented 

[355]. Analogous to the FGLs, these lattices lend themselves to tailoring the functional 

properties (e.g. permeability or heat conduction) besides the mechanical properties (see section 

2.4.4.2 for a summary on how the cell topology affects performance). Until now, a limited 

number of experimental investigations analysed these structures [363]. For the underlying 

theory on geometrical modelling of density and unit cell size graded lattices, please refer to 

Appendix M. 

In [323], another type of hybrid cellular lattices was proposed, whereby a unit cell 

design space/domain is simultaneously occupied by two different cell types, as shown in Fig. 

2-13(w)/(x). It was found that these lattices achieve both high Young’s and shear modulus, 

which is desirable to ease simulation and prediction of lattices for variable stress states (please 

see section 2.4.4.5 for details on isotropic cellular solids).    

2.4.4 Properties of lattice structures 

Additively manufactured lattices are not just appreciated for their structural [284,287] 

but also multifunctional properties [101,364]. The former includes good strength-to-weight 

ratio [307,365,366], energy absorption capability [71,331,335,367–371], buckling strength 

[188,372] and fatigue behaviour [373–375] whereas the latter encompasses improved heat 

dissipation [72,376,377] and vibration damping characteristics [369,370,378,379]. Important 
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to note is that lattices are never used to improve the absolute stiffness [67], but rather the 

specific stiffness and must therefore be applied carefully in the design process.  

It is worth mentioning that lattices are not just employed in AM design for their 

exceptional properties but also their ability to improve manufacturability. In [11], lattices have 

been used to improve the heat dissipation during manufacturing, and similarly, warpage has 

been mitigated via latticing in [380]. Particularly for higher energy input processes in AM 

(mainly metal AM), lattices can help reduced process-induced residual stresses. Thus, when 

used as support structures, they have a two-fold function. Moreover, Catchpole-Smith et al. 

[381] have highlighted the exceptional heat conductivity potential of TPMS, especially the 

Schwarz-P lattices and the greater the unit cell size.  

The advantages of utilising architected lattices were recently stressed in  [52,382,383], 

portraying their ability to balance robustness and compliance. It has also been highlighted that 

TPMS-based FGLs lend themselves for bone-substituting biomaterials achieving a good 

compromise between structural performance and tuneable permeability (as a function of strut 

thickness, pore size, porosity and density gradient) [291].  

2.4.4.1 Experimental testing and assessment of structural properties  

Due to the simple testing procedure, the most common experimental test condition in 

which cellular solids are tested is compression [284,359,361,384–388]. Some tests were 

conducted in tension and/or shear [389,390]; however, compression tests have demonstrated 

improved repeatability and stability. With this, mostly cubic specimens are deformed between 

two rigid (hardened) metallic plates under displacement-controlled loading [391,392], 

following either ASTM [391,392] or ISO [393] standards. In [394], cylindrical test coupons 

were used, which is uncommon but might contribute to a homogeneous stress distribution. On 

the contrary, the non-planar specimen’s shape complicates using digital image correlation 

(DIC), which is often used in experimental tests on cellular solids, accentuating the deformation 

characteristics [358,375].  For 3D printed lattices, the majority of works conduct quasi-static 

tests (strain rates typically between ~10-3-10-5s-1), although a few investigations were done to 

examine the dynamic response (strain rate typically > 102s-1), employing the Hopkins-bar or 

Taylor test regime [395–397]. With the increased application of lattices in industry, fatigue 

properties are increasingly being obtained in cyclic compression-compression tests [374,398]. 
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From a manufacturing fidelity standpoint, more intensified work on metallic cellular solids was 

conducted, including detailed CT-scan based analyses [309].  

2.4.4.2 Structure-property-processing relationship – Scaling laws by Gibson and Ashby 

The structure and properties of lattices are tightly connected. The architecture of a 

lattice determines the failure (see bending- versus stretching-dominated in section 2.4.4.3) and 

consequently the structural performance. Bhate [70] has recently reflected on the new design 

capabilities for cellular structures through additive manufacturing, revealing four key 

questions: 

• How to select an (optimal) unit cell? 

• How to alter the unit cell size spatially? 

• What are the essential unit cell parameters? 

• How best to integrate lattices into macrostructures? 

A prerequisite to accurately predicting the performance of FGLs are extensive 

databases capturing the structure-property relation for all the possible control/influencing 

parameters defining the topology of cellular solids [399]. This aids the effective design with 

lattices for AM and ultimately paves the way for their increased application in industry. The 

following sections are aimed at shedding light on the current state of scientific knowledge 

generated from either experimental, numerical, or theoretical investigations on this matter and 

highlight if or to what extent we can answer the above questions.   

Based on the seminal work of Gibson and Ashby [284], the most decisive characteristic 

for the performance of cellular solids was found to be the relative density �̅�, i.e. the density of 

the foam or lattice 𝜌∗ divided by its solid or bulk density 𝜌𝑆. Likewise, the porosity is defined 

as 1-�̅�. While Gibson and Ashby [284] have primarily focused on stochastic foams and simple 

cell structures like honeycombs with �̅� ≤ 0.3, present research focus lies on (structured) 

tessellated cellular topologies with higher relative density. Nevertheless, the scaling laws 

developed for foams still merit application in non-stochastic lattices and today’s research. Fig. 

2-14 summarises the key design variables and associated influencing variables defining the 

properties of cellular solids.  
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Fig. 2-14: The design variables of cellular solids affecting the properties. Reproduced from [323] with 

permission from the Royal Society.  

 

The mechanics of foams have been at the core of the research of Gibson and Ashby 

[284]. Differentiations in their analysis were drawn, e.g. between open and closed cells and 

experimental versus analytical results. Here, the introduction of scaling laws constituted an 

empirical way of predicting the response of cellular materials, whereby a relationship between 

the relative density of a foam-like material and its mechanical performance is established. 

Besides the solid density and Young’s modulus, yield and fracture strength and certain creep 

parameters have been identified in [284] to be crucial for assessing foam performance.  

 
Fig. 2-15: Typical stress-strain curves with an (a) elastomeric, (b) elastic-plastic and (c) elastic-brittle foam 

behaviour under compression (C) and tension (T). The former is characterised by the linear-elastic, plateau and 

densification regimes, whereas the latter commonly display cell wall alignments and fractures after the linear-

elastic regime. Note that the elastic, plastic (yield/plateau) and critical strength (i.e. σel
∗ , σpl

∗  and σcr
∗ ) as well as 

the densification strain εD have been included. (d) Schematic illustration of the different deformation stages a 

BCC unit cell will undergo during compression. Images (a)-(c) are redrawn from [284].  

 

Generally, foam-like structures can be characterised by three distinct stress-strain 

curves (see Fig. 2-15), namely: i) elastomeric; ii) elastic-plastic and iii) brittle. These curves 
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can be sub-divided into three regimes: the linear elastic, the plateau, and the densification 

regime. A particular structural response is associated with the foam’s plateau regimes. This 

changes depending on the loading condition. In compression – the most common loading of 

foams for applications – every foam or lattice inevitably transitions into densification at high 

strain. Here, cell walls have collapsed so far that they start coalescing, and the stress-strain 

curve starts to approach a slope that is ultimately approaching the bulk modulus.  

The deformation of cells in the linear elastic regime can be explained via standard beam 

theory, whereby the second moment of area is related to unit cell size and wall thickness. The 

latter two correlate with the relative density; thus, the first scaling law of  Gibson and Ashby 

[284] for the Young’s modulus of open cells is given as  

 
𝐸∗

𝐸𝑆
𝐶1 (

𝜌∗

𝜌𝑆
)
𝑛

, Eq. 2-1 

where the constants C encapsulate the aforementioned geometric constants of proportionality. 

It must be noted that the subscript ‘s’ refers to the solid/bulk properties, whereas the asterisk 

indicates foam properties. Likewise, additional scaling laws, following this power-law 

formulation, are defined e.g. for the shear modulus G, the critical elastic stress σel
∗  or the plastic 

collapse stress σpl
∗ . By including correction factors, these two formulations have also been 

extended for closed-cell lattices, to accommodate for the cell edges' increased contribution to 

the stiffness (instead of the cell walls’). Furthermore, cell fluids or entrapped gases have been 

considered, but they shall not be the focus of this overview. 

Note that the constant C and the exponent n of the above power-law expression vary 

also depending on the cell type/microstructure (see Eq. 2-3) and material properties but 

generally follow a similar trend. Thus, clusters of data sets are often displayed in Gibson-Ashby 

plots, showing where they belong to, but likewise enabling the derivation of scaling laws across 

these clusters. In Fig. 2-16, experimental data of different open-cell foam of different materials 

and geometries have been plotted, including the corresponding scaling fit.  
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(a) (b) 

Fig. 2-16: (a) Relative Young’s moduli and (b) yield strengths versus relative density of a selection of cellular 

foams, which constituted the basis for scaling laws proposed by Gibson and Ashby. Redrawn and adapted from 

[284]. 

  

Geometrical efficiency indices for isotropic cellular solids, relating the relative 

Young’s, shear and bulk modulus to the relative density, was introduced by Berger et al. [336]. 

Such an integer that is decoupled from the material lends itself to a universal portfolio of 

structure-property relationships that focus on the theoretical limit. For comparison, Berger et 

al. [336] compared the elastic performance of metamaterials to the theoretical upper limit 

defined by Hashin–Shtrikman (see Appendix E.3). With the help of FEA, analytical and 

heuristic methods, lattice topologies approaching this bound were analysed [336]. Assuming 

solid continuum elements in the context of AM parts may be overestimating the performance 

due to the numerous voids (recall section 2.2.3.1).  

Analogously, experimental data were fitted to obtain trends for the densification strain 

and Poisson’s ratio as a function of relative density, as illustrated in Fig. 2-17. Interestingly, 

the densification strain does not simply equal the porosity, i.e. the point at which the free pore 

space equals zero. The contact between cell walls occurs at much smaller strains already, 

yielding a densification strain εD that was experimentally described as  

 𝜖𝐷 = 1 − 1.4 (
𝜌∗

𝜌s
). Eq. 2-2 
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 Likewise, the Poisson’s ratio was investigated in [284], showing a big scatter. Thus, it 

was concluded that there is no discernible trend with �̅�, but the values are much rather a product 

of the different cell geometries. The two ways in which lattices generally deform will be 

discussed in the next section. In this context, it is important to note that the Poisson’s ratio can 

be tailored particularly well through structured UC topologies. This is reflected by numerous 

investigations into auxetic lattices with a negative Poisson’s ratio [400]. Generally, the elastic 

Poisson’s ratio of lattices is reported; however, it is important to note that the plastic 

counterpart is generally dissimilar and tends towards zero for low �̅� lattices (i.e., fully 

compressible). 

  

 

(a) (b) 

Fig. 2-17: (a) Densification strain and (b) Poisson’s ratio versus relative density of a selection of cellular foams 

as presented by Gibson and Ashby. Redrawn and adapted from [284]. 

 

While the scaling laws are based on the beam theory and derived from experimental 

tests on simpler geometries such as honeycombs and random stochastic foams, they may no 

longer apply to the breadth of new lattice types generated through tools with virtually unlimited 

means for changing cell geometry parameters (e.g., field-driven design approaches). A critical 

evaluation on this matter has been presented by Bhate [70], in which he formulated four 

questions (see the beginning of the section) that help select the optimal lattice configuration. 

The rationale for asking those was underpinned by different numerical case studies. Bhate [70] 

concluded that in both commercial software and most literature only the question on the cell 

parameters is addressed. Consequently, more emphasis on the lattice material, size, shape and 
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methods for the integration of lattices into a 3D structure is required to harness their potential 

for AM-designs. 

2.4.4.3 Stretching- versus bending-dominated lattices  

The deformation mechanisms of cellular solids can essentially be differentiated into 

stretching- and bending-dominated and constitute an essential characteristic driving the design 

decision. The former was weight-efficient, whereas the latter's structural efficiency is 

considered low [323,401]. Recalling the scaling laws in the previous section, the normalised 

Young’s moduli and yield strengths under compression for simple truss-like lattices, can be 

summarised as [287]: 

 
Stretching-dominated:  𝐸/𝐸𝑆 ~𝜌/𝜌𝑆  and  𝜎/𝜎𝑆  ~𝜌/𝜌𝑆 

Bending-dominated: 𝐸/𝐸𝑆 ~(𝜌/𝜌𝑆)
2  and  𝜎/𝜎𝑆  ~(𝜌/𝜌𝑆)

1.5. 
Eq. 2-3 

As illustrated in Fig. 2-18, an open-cell can be perceived as a mechanism or bending-

dominated lattice if the struts rotate about the joints in compression. In the triangulated 

configuration, the structure’s struts experience both tensile and compressive loads (stretching-

dominated), whereas if the joints in Fig. 2-18(a) were frozen, the structure would be considered 

bending-dominated. In an over-constraint case, internal stresses are present subject to the 

difference in the dimensions of the vertical and horizontal struts. The stability condition M of 

rigid truss structures can be captured by Maxwell’s stability criterion [402], which defines the 

stability condition M from the number of struts b and frictionless joints j (Appendix E.2 for 

details). 

 
Fig. 2-18: Open-cell foam simplified as pin-jointed frames including Maxwell’s stability constants M 

exhibiting a (a) bending- and (b) stretching-dominated as well as a (c) complex self-stress behaviour under 

compression given ‘frozen’ joints. Considering ‘unfrozen’ joints, the frames can be regarded as (a) mechanism 

and (b) structure, as elaborated in [401]. (c) An over-constraint frame, i.e. if one of the vertical or horizontal 

struts is shorter than the other, the stress state changes from compression into tension and vice versa.  

It is important to note that the elastic-plastic response of all lattice types is greatly 

dependent on the loading direction. Tancogne-Dejean and Mohr [395] showcased how the 

Young’s modulus of a BCC lattice reduces by two orders of magnitude as the structure’s 
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response changes from stretching- to bending-dominated. Likewise, Al-Ketan et al. [403] have 

shown that the different domains of a TPMS lattice (solid and void domains yield primary and 

secondary lattice and their joint surface with a given wall thickness yields shell-lattice) can 

have different structural responses. It was demonstrated that a secondary IWP (TPMS named 

after its explorer Alan Schoen [404], whereby the I stands for ‘graph’ and WP stands for 

‘wrapped package’) and the sheet-based IWP counterpart are stretching dominated while the 

primary IWP is bending-dominated. 

2.4.4.4 Differences in elastic-plastic properties between lattice types 

Truss-like structures were found to have an up to threefold inferior stiffness 

performance compared to their plate-based lattice counterparts of the same relative density 

[319,336]. This is primarily attributed to the open- versus closed-cell topologies promoting a 

bending- and stretching-dominated response, respectively. In [343] and [342], it was 

demonstrated that topology optimised, and strut-thickness optimised unit cell lattices exhibit a 

significantly higher modulus and strength than the non-optimised strut-based counterparts. 

Moreover, an improved damage tolerance was determined, which was shown in numerical and 

experimental investigations (quasi-static compression on additively manufactured nylon-based 

lattices) [343]. Likewise, in [405], an increase in specific strength and stiffness in topology 

optimised Kagome lattices was observed compared to the regular unit cell lattice. Even the 

simple introduction of fillets to strut-based lattices has been shown to improve stiffness and 

energy absorption, attributed to the reduced stress concentrations at the corners (verified in 

additively manufactured lattices) [341]. Similarly, TPMS lattices outperformed the strut-based 

cellular solids in terms of stiffness, plateau stress and energy absorption, attributed to their 

smoother shell geometries [361]. 

In comparing uniform with density graded lattice of equal relative density, initial 

studies have emphasised an improved energy absorption capability [359,387,406–409] and the 

progressive failure of FGLs. In [385], a 38% and 34% increase in stiffness and plastic failure 

strength was experimentally determined between a regular and density-graded BCC lattice. In 

contrast, in [387], an equal or slightly improved stiffness between Schwarz-P and Gyroid FGL 

lattices, respectively, was observed compared to their uniform counterpart (same relative 

density).  
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Rigid polymer and metal FGLs were often found to exhibit 45° shear band failure 

[407,411,412]. It was also observed that FGLs tested transverse to the direction of grading 

(DoG) failed similarly to homogeneous lattices and showcased an improved stiffness and 

strength over FGLs tested parallel to the DoG [413]. Radially graded FGLs tested in 

compression have shown higher strain to failure and thus energy absorption compared to 

specimens tested parallel to the DoG [414], making the grading type a means for controlling 

the failure mechanism of FGLs. A closer examination of the true versus nominal stresses in 

FGLs was less researched; however, the Voigt model has been employed in evaluating their 

effective stiffness and strength [413,415,416]. For truly linearly graded lattices, a continuous 

change in stiffness along the DoG, as proposed in [308], is likely more accurate. For density 

graded honeycomb lattices, an improved impact energy absorption efficiency was determined 

compared to the uniform lattice close to densification and at low compression energies while 

transferring lower stress [398].  

A significant advantage of FGLs informed by TO-solutions is their increased 

robustness to variable loading [51,52]. This is a particularly important advantage compared to 

a simple TO-solution [392]. Local damage can occur not just in service but also during 

manufacturing, which is significantly more detrimental to the structural integrity of a TO-

solution rather than an FGL-like structure, as was demonstrated experimentally in [417]. Such 

defects are very common in real-world manufacturing, which has led to increased efforts in 

creating models which account for those [418–420], to make simulations more realistic. In 

[303], TO was employed to obtain FGL structures with different periodic gradients, i.e. 

different unit cell size bounds. In experiments it was ascertained that the greater the unit cell 

size range (resulting in a finer lattice topology), the higher the performance (modulus and yield 

strength). Guided by the prescribed loads and the resultant stress fields, FGL-like infills for 

AM have also been proposed [51,352]. In [352], a twofold greater stiffness and about 2.75 

times greater strength were experimentally determined between a uniform lattice beam and 

beam comprised of a stress-guided FGL infill when tested in three-point bending. Likewise, in 

an extension of the work [353], the reduction of supports and incorporation of important DfAM 

aspects (e.g. upper and lower density bound), latticing improved the manufacturability.  

2.4.4.5 Assessment of efficiency and anisotropy of lattices 

The Hashin-Shtrikman (HS) bounds [113] have been developed to estimate the upper 

and lower limits of the effective moduli of quasi-isotropic and quasi-homogeneous multiphase 
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materials independent of their geometry. These bounds, derived from this strain-energy based 

approach, have since been used to assess the performance of cellular solids and are underlying 

the power-law exponent used in density-based topology optimisation methods (recall section 

2.2.2). They are defined by the base (parent) material’s Poisson’s ratio 𝜈𝑆, Young’s modulus 

𝐸𝑆 and the relative density �̅�. As emphasised in [336], strut-based lattices are incapable of 

reaching the HS bounds. However, a closed-cell counterpart is likely to reach these bounds and 

generally, only anisotropic materials can exceed the HSU. More details on the calculation and 

additional metrics are presented in the Appendix E.3. 

As mentioned in the previous section, lattices are associated with an effective modulus 

that is generally equal along the three principal directions (symmetry condition), whereas it 

differs when they are loaded in shear. To quantify the elastic anisotropy of lattices, the Zener 

factor Z is commonly used [326,333,336], which is defined as 

 𝑍 =
𝐸

2𝐺(1 + 𝑣)
=
𝐶11 − 𝐶12
2𝐶44

. Eq. 2-4 

Here a value of Z=1 would mean the lattice is perfectly isotropic (the second formulation in 

Eq. 2-4 denotes the indices in the elasticity matrix). An increasingly popular method for 

illustrating the Young’s moduli of cellular solids in 3D-space are polar plots, which helps 

designers select the optimal unit cell configuration [421], as shown in Fig. 2-20. Prospectively, 

it might be worthwhile extending those for the plastic hardening modulus, as these structures 

a largely appreciated for their superior energy absorption, i.e. behaviour beyond the elastic 

regime. 

2.4.4.6 Effect of process-induced geometrical defects on the performance 

In [288], it was reviewed how certain irregularities or defects in cellular solids can cause 

discrepancies between the ideal (as modelled) and the actual performance of lattices. This 

includes, e.g. micro-voids or the change in surface roughness [422]. Liu et al. [423] conducted 

a comprehensive statistical analysis on the effect of strut i) waviness, ii) thickness variation 

and iii) oversizing and undersizing on the elastic properties and failure response of aluminium 

alloy lattices (fabricated from selective laser melting) with octet and rhombicuboctahedron 

lattice topologies. They found that the former two significantly affect the elastic modulus and 

compressive strength negatively. Moreover, it was revealed that oversizing and undersizing of 

struts is also dependent on the build orientation and affect the failure mode of lattices. The 
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presence of manufacturing defects, in general, was also found to influence fracture  behaviour 

[375]. 

Generally, this results in an over-prediction of the properties in numerical simulations, 

as shown, e.g. in [424]. A lot of this is attributed to deviations between the actual and as-

modelled or as-sliced (staircase effect) topology [425], leading to increased efforts in 

accounting for those in the FEA models [426]. In [427], the stiffness of the beam elements in 

the vicinity of the vertices of BCC lattices was adapted to compensate for variations in feature 

thicknesses (material aggregation). It is of note that these deviations and thus over-predictions 

are exacerbated in additively manufactured lattices the finer the features [428].   

In [428], it was emphasised that further investigations are required to accurately capture 

the directionality of properties in cellular solids introduced via the AM processes themselves 

(e.g. build direction and print direction). Studying the effect of build direction on the 

mechanical properties of polymer-based lattices has seen little research interest yet. 

Nevertheless, some works on metal-based lattices have highlighted their influence on 

performance [429] and microstructural alterations [430]. 

2.4.5 Numerical modelling of cellular solids 

With lattice structures emerging as an increasingly important aspect in DfAM, 

modelling accurate/realistic digital twins have become critical. As demonstrated by Dong et al. 

[288], geometrical modelling, simulation and fabrication modelling stages of AM lattices find 

themselves in a constant feedback loop within the design workflow (see Fig. 2-19). In part, the 

former was addressed in section 2.4.2. Numerical simulations are closely coupled with the 

experimental findings (see mechanical properties as addressed in section 2.4.4), which are used 

to inform and verify/benchmark finite element models. While fathoming the structural 

characteristics and underlying failure mechanisms of cellular solids experimentally is crucial, 

increased focus is on establishing reliable models that cut manufacturing costs.    

2.4.5.1 Explicit geometric modelling 

Modelling the exact lattice or unit cell geometry is either done with beam or solid 3D 

elements and is the most popular approach to determine the mechanical performance of lattice 

structures, as reviewed in [431]. There is a range of advantages and disadvantages associated 

with using either type of element. For instance, the computational cost of using beam elements 
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is much lower, as fewer elements are required (exacerbated the larger the lattice model). In 

contrast, beam-based models are also restricted to slender strut-based lattices (i.e. high-density 

lattices and surface-based lattices cannot accurately be modelled) and do not capture joints as 

good as a model based on 3D elements [431].  Several studies investigated the structural 

response of regular and spatially uniform density lattices experimentally and subsequently 

validated the results in simulations [385–387]; however, only a few scrutinised FGLs 

[308,432,433]. 

 

Fig. 2-19: Modelling workflow/concept of modelling lattices for AM with feedback loops between modelling 

stages. Reprinted from [288] with permission from the American Society of Mechanical Engineers. 

 

2.4.5.2 Homogenisation method 

In the context of cellular solids, the goal of the homogenisation method is to determine 

the effective unit cell properties that characterise the mechanics and properties of periodic 

materials such as lattices [431,434–436]. This means a representative unit cell of cellular solid, 

often called representative volume element (RVE), is analysed and used to approximate the 

elastic anisotropy and effective stiffness of non-continuum, periodic lattice structures 

demonstrated in [421,434,435,437]. The central premise of homogenisation in lattices is to 

reduce the computational cost of FEAs [438] by neglecting the exact geometric complexity. In 

[434], a range of different homogenisation methods for lattices was reviewed (see Appendix 

E.4), however, the asymptotic homogenisation (AH) method, introduced by Bensoussan [439], 

is the most widely used approach for predicting the effective mechanical properties of periodic 

materials. This has been demonstrated in numerous studies [434,440–444].  
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As illustrated by the simplified concept of AH in Fig. 2-20(a), a periodic lattice 

structure Ω𝜀 is subjected to i) a traction t at the traction boundary Γ𝑡 and ii) a displacement d at 

the displacement boundary Γ𝑑 and iii) a body force f distributed within the domain. Important 

to note is that the cellular solid is ultimately considered as continuum solid body Ω. Three or 

six unit strain components (loading cases) are tested to obtain the global displacements for a 

2D and 3D case, respectively, yielding the homogenised constitutive matrix C of the lattice 

(see Fig. 2-20(b)). Commonly, an exponential fit for the elastic tensor scaling law is chosen to 

represent the effective properties in relation to the relative density.  

 
Fig. 2-20: (a) Asymptotic homogenisation concept for cellular solids. (b) Homogenised elastic constant of a 

Gyroid lattice as a function of relative density. (c) Effective Young’s moduli in the 3D representation of strut- 

and surface-based lattices. (a) is reproduced from [344] and (b) and (c) are reproduced from [438] with 

permission from Elsevier.  

 

As highlighted in [434], the AH method has not only repeatedly been verified 

experimentally, but it is particularly advantageous for predicting the effective properties of 

periodic lattice structures due to accurate determination of the stress distribution and its 

independence from the cell’s topology and relative density. However, as noted in [303], the 

RVE size must be chosen carefully in relation to the dimensions of the macrostructure to obtain 

accurate results. Nowadays, the elastic moduli of unit cells are commonly visualised in a 3D 

polar plot (see Fig. 2-20(c)), easing the identification of the elastic anisotropy (recall section 

2.4.4.5). 
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2.4.5.3 Elastic-plastic modelling 

To date, most research focused on replicating the elastic properties of cellular solids, 

but only a minority of works investigated approaches to approximate the plastic behaviour 

beyond yield [331,333,334,414,445]. Jia et al. [446] compared the Young’s modulus and yield 

strength of Schwarz-P lattices of different wall thickness and replicated the results numerically 

by employing Abaqus’ explicit solver. The models predicted a 40% lower stiffness and 

strength, attributed to the use of shell elements instead of solid elements.  

In light of lattices' superior energy absorption capabilities, simulating the non-linear, 

large-strain material behaviour of lattices will become essential. Sources of non-linearity are i) 

the material, ii) the boundary conditions, and iii) the geometry, as outlined in [447,448]. The 

material and geometric non-linearity are highly relevant for large deformation studies on 

lattices. Even boundary condition related issues can come into play if the test condition is more 

complex (e.g. interaction with rigid bodies). Besides material non-linearity, commercial 

software like Abaqus can account for geometric non-linearities (‘Nlgeom’). This causes 

analyses where excessive distortions of elements at large displacements are present not to 

terminate prematurely (e.g. avoid that the volumes of elements become negative at their 

integration points). Likewise, non-linear solution methods like the Quasi-Newton technique 

exist that can replace the default Newton solution technique in pursuit of reducing the 

computational expense of solving the Jacobian matrix [449]. Recently, also meshless methods 

like the element-free approach has been used to build a constitutive model for crushable foams 

instead of the traditional FEM, displaying higher robustness in capturing large deformations. 

The authors [450] emphasise that this approach is advantageous over FEM during the 

densification process, which often causes premature failure due to mesh break-ups.  

Bergstrom [451] has expansively outlined the different constitutive models for 

modelling the elasticity/hyperelasticity, viscoelastic, plastic and viscoplastic behaviour of 

polymers. While hyperelastic or viscous material is more commonly found in rubber-like 

polymers, plastic constitutive models are more universally applicable to polymers and even 

metals. The most common plastic model, also implemented in many commercial FEA software, 

is the J2-plasticity (also called von Mises yield criterion) with isotropic hardening, whereby 

monotonic stress-strain behaviour can be replicated, and only the elastic strain contributes to 

the stress  [451]. Another phenomenological constitutive model for plasticity, often applying 

to large strain lattice simulations, is based on the Johnson-Cook (JC) [452–454]. This 
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phenomenological damage and yield stress criterion is centred on multiple material parameters 

that must be determined experimentally. While the Drucker-Prager plasticity model [455], 

which was initially developed for granular solids (does not capture isotropic hardening), did 

not find noteworthy application in structured cellular solids, the foam-specific yield model 

developed by Deshpande-Fleck [456] is more relevant. Likewise, it has not yet been applied to 

periodic lattices. 

In [457], the J2 plasticity/yield criterion with isotropic hardening was applied to predict 

the quasi-static compression response of strut-based lattices. At the same time, the JC model 

was employed to simulate the impact response of the same lattices. In order to reduce the 

computational cost, Timoshenko beam elements were used and to avoid, e.g. ill-

conditioned/spurious element stiffness matrices, a plastic strain-based failure criteria and a 

geometric non-linearity constraint were implemented, removing highly distorted elements and 

accounting for buckling, respectively. The authors [457] reported numerical errors when 

solving the non-linear quasi-static problem with Ansys LS-DYNA’s implicit solver, thus 

switching to the explicit counterpart while accounting for mass scaling. However, it can be 

observed that the elastic properties were significantly overestimated, while the plastic plateau 

stresses have a reasonable agreement with the experiments. In contrast, the JC model achieved 

a good agreement with the impact test measurements [457], which was also confirmed in [332] 

for metallic plate-based BCC lattices.  

Similarly, in [458], the shock impact response of TPMS lattices was modelled using JC 

and shell element rather than a solid element model to reduce the computational cost associated 

with high strain-rate problems; however, it was not validated with experimental results. 

Nevertheless, the JC model can also be applied to quasi-static problems, as shown in [410], 

using an explicit FEA solver. However, it was shown that the elastic-plastic behaviour of the 

strut-based periodic lattices manufactured from Ti6Al4V could not be replicated, which was 

attributed to the discrepancy between the as-modelled and as-printed strut diameters and the 

induced residual stresses.  

Bonatti and Mohr [331,333,334] have investigated multiple strut-based and sheet-based 

TPMS lattices experimentally and complemented their research with large deformation 

simulation that employed the von Mises yield criterion with isotropic hardening based on the 

Swift law (pre-necking hardening behaviour in metals) and material properties by the 

manufacturer (authors employed 316L stainless steel powder for SLM fabrication). 
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Simulations were conducted using the explicit solver of Abaqus in conjunction with shell 

elements. The authors [331,333,334]  observed a generally good agreement between 

experiments and FEAs; however, the FEA was found to overestimate the measurements, 

particularly the plateau stresses systematically. Moreover, it was emphasised that the 

agreement was better the higher the relative density of the lattice. With up to 18% difference 

to the measured Young’s moduli, the sheet-based lattices displayed a higher discrepancy with 

the FEA than the strut-based counterparts. It was also observed that simulations might predict 

a stretching-dominated response while the experiment displayed a shear mode. This was 

attributed to manufacturing imperfections [331].  

More recently, Abueidda et al. [385,445] conducted compression tests of various 3D 

printed TPMS-lattices (gyroid, primitive, IWP and neovius manufactured from polyamide 12) 

and validated the result via finite element modelling based upon elastic/hyperelastic-

viscoplastic constitutive models. Specifically, the Arruda-Boyce model [459], which is 

decomposed into an elastic and viscoplastic spring component connected in series, was 

compared with the flow evolution network model which is integrated into the PolyUMod 

software [460]. Both models were calibrated with the material properties of the base material 

and analyses were performed using 10-node quadratic tetrahedron elements. Under the 

application of periodic boundary conditions, the models produced similar results and a good 

agreement with the experiment for stiffness and yield stress, whereas the plateau stresses did 

not fit the measurements well. The authors [385,445] also emphasised that agreement was 

better the higher the relative density of the unit cells, which was attributed to a lower sensitivity 

to the print direction and fewer visual defects.  

2.4.5.4 Approaches to modelling architected lattices 

Numerous studies have investigated aspects of modelling architected structures 

[52,72,125,308,352,416,461–463] while focusing primarily on the linear-elastic regime and 

employing the more computationally expensive explicit geometry FE models. This stems from 

the fact that homogenisation does not lend itself to heterogeneous structures [431] unless 

layered FGLs are used, in which case RVE subdomains can be defined, yielding a 

discontinuous step-wise variation in properties. Thus, Martínez-Pañeda [464] presented a nodal 

based and Gauss integration based gradation approach. The author highlighted that the former 

performs better, accurately reproducing the analytical solutions, and provided a subroutine for 

the commercial software Abaqus (employing Eulerian part instances to account for a change in 
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properties with respect to material volume fraction). Though, neither of the approaches has 

been used to simulate FGLs yet, nor has it been verified by experimental measurements by the 

scientific community.  

Explicit geometric modelling - One of the earlier works on TPMS based FGLs by 

Maskery et al. [360] employed eight-noded brick elements with reduced integration (C3D8R) 

to approximate the elastic properties and found significant differences to the experiments done 

in compression. The main reason for the overestimation of the Young’s modulus by the FEA 

was attributed to the choice of the parent material properties (often significant difference 

between tensile and flexural properties) and the high surface roughness of the as-fabricated 

specimens compared to the modelled counterparts. The surface roughness was assumed to 

reduce the stiffness as the effective (load-bearing) surface area was locally reduced.  

Afshar et al. [414] investigated density-graded TPMS lattices in compression and 

conducted an elastic-plastic FEA for validation, whereby a perfectly plastic material behaviour 

was assumed and a hexahedral mesh was employed. While the authors could approximate the 

Young’s modulus, significant errors were observed beyond the yield point. The model was 

consequently not capable of replicating the load-drops during plastic deformation due to the 

sequential failure of layers. Likewise, simulating the elastic-plastic response of uniform and 

functionally graded BCC lattice using base material properties and a simple plasticity condition 

(likely von Mises criterion) transpired to be highly ineffective. This underlines that treating the 

parent material as a simple von Mises solid is not feasible and that material/manufacturing 

imperfections play a significant role in the accuracy of phenomenological models. 

Homogenisation method - Zhao et al. [465] presented a method for predicting the 

equivalent elastic properties of strut-based graded lattice structures by transforming the 

continuous into a discrete problem to ease the determination of Young’s and shear moduli as 

well as the Poisson’s ratio. The authors demonstrated how the properties of FGLs can be 

successfully calculated from the equivalent elastic parameters of uniform lattices. Similarly, 

Montoya-Zapata et al. [433] presented a meta-model based upon the homogenisation method 

to approximate the von Mises stress of density-graded Schwarz-P lattices under compression 

loading. The principal strains at the flat faces of the cubic lattice’s boundary served as the meta-

model's main features. The authors [433] showed that the homogenised FEA model comprised 

of solid hexahedral elements was more computationally efficient. However, compared to the 

lattice model with the FGL’s actual topology, comprised of tetrahedral elements, an error of 
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20-40% was determined, which renders the approach too inaccurate but suitable for preliminary 

design evaluations.   

 An increased number of scientific works have investigated the simulation of FGLs in 

the context of topology optimisation, which generally results in variable-density lattice (VDL) 

structures. In [444], researchers applied the homogenisation method coupled with a modified 

Hill’s yield criterion [466] to estimate the VDL’s elastic properties and yield strength, 

respectively. The latter is an extension to the von Mises yield criterion and considers the 

anisotropy of lattice structures and can thus be deemed a more sophisticated approach to 

assessing the elastic-plastic performance of parts where architected lattices constitute an 

integral part of the design (e.g. presence of complex stress condition). This is supported by the 

findings of Abu Al-Rub et al. [467], highlighting that the modified Hill yield criterion is better 

at capturing the anisotropic yield behaviour of IWP-foams than the Deshpande-Fleck model 

for combinations of shear stress states.   

2.5 Summary of the Literature Review 

Based upon the literature review, this chapter provides research questions associated 

with FRAM and cellular solids in the context of DfAM with FFF, which must be answered to 

truly leverage the lightweight potential of AM. All three topics have gained considerable 

research interest in the AM-community over the past five years, as illustrated in Fig. 1-1. 

Nevertheless, there are still research gaps and untapped potentials that lay the foundation for 

this research work. The identified gaps in the literature are associated with the following topics:  

 

1. Slicing and toolpath generation for FRAM 

The field of DfAM with fibre-reinforced composite material is still a niche topic in AM. 

Specifically, research focused on the process planning stage includes significant knowledge 

gaps (recall section 2.3.3), as most research utilises closed-source printers and slicing software. 

This is limiting the exploration into the effect of infill strategies on the performance, the 

investigation into new infill patterns and the establishment of assessment criteria that help infer 

design guidelines for FRAM (recall the importance processing rules in section 2.2.3). This all 

relates to the control of material anisotropy in FFF. 
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2. Application and assessment of FGLs  

While the number of lattice types (recall section 2.4.2) and methods of altering their 

geometry through, e.g. grading or morphing (recall section 2.4.3) is constantly growing, some 

fundamental questions on the performance of such architected lattices have remained 

unanswered. In addition, the influence of the build orientation on the performance of FGLs in 

conjunction with the material anisotropy represents another unexplored research gap. Likewise, 

there is a strong demand for ways to (computationally) efficiently simulate those complex 

lattices (recall section 2.4.5.4). In terms of DfAM, these two topics constitute key gaps that 

must be addressed to exploit the lightweight potential of FGLs. Firstly, they facilitate a targeted 

application of these structures in AM design and thus help inform better design with FGLs. 

Secondly, fast and reliable methods of simulating and thus predicting the performance of FGLs, 

help streamline and accelerate the design-to-print workflow. In bridging both gaps, this 

lightweighting strategy can undergo the necessary transition from an expertise-driven towards 

a mathematically-driven implementation, as detailed in section 2.2.2. 

2.5.1 Research Questions and Objectives 

2.5.1.1 Slicing and toolpath generation for FRAM 

Most sectors are benefitting from slicing software for efficiently creating toolpath 

strategies. Within the research field of DfAM, this research has only picked up over the last 3 

years as showcased in Fig. 2-21. Likewise, academic works dedicated to path planning with 

FRAM are scarce. The literature review has shown that the capabilities of FRAM-specific 

slicing software are limited, resulting in a strong demand for more efficient and flexible path 

planning. To date, most research on FRAM utilises closed-source printers and propriety slicing 

software for FRAM, which merely adopted generic and fixed infill patterns that have been used 

early on in the machine control of 3D printers. These include e.g. raster or grid patterns (often 

alternating between 0°/90° or ±45° orientations in consecutive layers) as well as concentric 

infills. Consequently, this restricts investigations into process planning. In order to infer design 

guidelines for FRAM, which have yet to be identified, full control over the toolpath strategy 

must first be guaranteed.  

The need for obtaining full control over the process plan is growing and represents a 

timely research topic as recently accentuated by the work of Gleadall [42]. This is even more 

true for anisotropic feedstock material for FFF, rendering generic infill patterns inefficient. It 
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is important to note that the consideration of infills as well as material and print anisotropy in 

AM is highly beneficial for the structural performance of AM-parts [48,59–61]. Thus, the 

question arises: What is the most mechanically effective way of placing fibre within a given 

structure? Consequently, a research gap this work addresses is related to the development and 

investigation of adaptive toolpath strategies catering for the needs when printing with 

composite materials. On this basis, assessment criteria must be established to better compare 

the efficiency of different infills concerning DfAM categories like performance, 

manufacturability and economy.  

 

Fig. 2-21: Rapid rise in publications related to DfAM recorded over the past 20 years and significant rise in 

works on slicing algorithms i.e. tool-path and infill optimisation strategies within the past 5 years. The 

underlying data is obtained from Scopus employing the search terms and logic as listed in the Appendix A. 

 

2.5.1.2 Application and assessment of FGLs  

As can be deduced from the summary of research outputs on lattices over the past 20 

years (see Fig. 2-22(a)), the topic has gained considerable interest within the AM community. 

More, recently, FGLs have become a popular topic within this realm, however research is still 

in its infancy. There is a notable research gap including key questions revolving around their 

characteristics with respect to different gradient types (e.g. grading relative density versus unit 

cell size), severities of grading and cell types (e.g. bending- versus stretching-dominated or 

strut-versus surface-based unit cells). Moreover, as outlined in section 2.4.3, early works have 

only looked a discretely graded instead of continuously graded lattices, which shall be explored 

in this work. Another research question this work addresses relates to the build orientation's 
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influence on the structural performance of FGLs made from composite material. Here, the 

influence of the material anisotropy (principal fibre orientation concerning loading direction) 

shall be explored, which can help improve the build preparation for AM-designs (i.e., orientate 

part on the build platform to achieve best possible performance). 

Today, FGLs are often substituting low-stress/low safety-factor areas for the purpose 

of weight savings. In the design workflow they are thus often expertise driven as their structural 

analysis is often computationally expensive and not fully matured to build confidence. 

Especially the simulation of lattices with spatially varying unit cell density and/or unit cell size 

are not well researched yet (compare Fig. 2-22(b)). This lack of confidence and means for 

assessment is however a key limitation during the part design, hindering the broader use and 

application of advanced lattices. As showcased in the literature review (see section 2.4.5), most 

works so far have only modelled the elastic properties and primarily used computationally 

expensive geometric models. Building upon the initial experimental characterisation (see 

paragraph above) the next challenge this research is aiming to overcome is the numerical 

modelling of the elastic-plastic response of FGLs in a computationally efficient way. With ease 

and speed in modelling, this accelerates the adoption of FGLs into the AM-design.  

  
(a) (b) 

Fig. 2-22: (a) Rapid rise in publications related to additive manufacturing of lattices or similar porous foam-

like structures (including TPMS) recorded over the past 20 years and onset of research on functionally graded 

lattices within the past 3-4 years. (b) Share of research outputs related to the numerical modelling of FGLs. 

Note, the underlying data is obtained from Scopus employing the search terms and logic as listed in the 

Appendix A. 
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2.5.2 An Idealised Case Example 

In summary, the work investigates two approaches to lightweighting in extrusion-based 

AM: the manipulation of the material (employing reinforced instead of unreinforced feedstock) 

and the geometry (substituting solids by lattice structures). In order to further illustrate the 

relevance of those topics in DfAM, an idealised case study in the form of a cantilever beam is 

considered (see Fig. 2-23). This paints a picture of tomorrow’s product and engineering design 

that consolidates all the cutting-edge design, process, and optimisation technology as well as 

materials. It is encompassing research in the three independent domains i) Lightweighting, ii) 

Functionalisation, and iii) Process Planning (i.e. slicing/toolpath strategy), effectively 

combining topology optimisation, functional grading of lattices, circuitry integration and 

FRAM with optimal toolpath strategies.  

The remit for the work revolves around toolpath strategies for FRAM and the 

characteristics and modelling of FGLs. Combining these two strategies offers the ability to 

create structurally efficient sandwich structures. Sandwich structures are commonly applied in 

aerospace structures using laminated composites as sheet material and conventional stochastic 

foams or honeycomb structures as cores. Improved process planning for FRAM offers, e.g. the 

ability to enhance the fibre orientation and their efficient utilisation in the shell. In contrast, 

graded lattice structures could be employed to better cater to areas in the sandwich structures 

that experience higher loads (e.g. sections of an aeroplane wing where the foot can or cannot 

be set on, etc.). Moreover, they also offer additional benefits in terms of thermal management 

of the part (heat sink characteristics due to the high surface area), crashworthiness or energy 

absorption, compared to their standard sandwich cores. The practical constraints to substantiate 

such a concept of FRAM and FGLs were outlined above and shall be addressed in this work.  

To demonstrate the full untapped lightweight potential, the idealised case study also 

benefits from topology optimisation and part consolidation. This work is primarily focused on 

the structural aspects. However, since, in the context of this research work, a preliminary 

investigation into multifunctional AM (i.e. functionalisation) has been conducted during this 

research [468], it has been included in this idealised case example in the form of integrated 

electronics (see Fig. 2-23).  

Interestingly, the more complex the design becomes the more it resembles the highly 

advanced structures found in nature which display a highly efficient material usage while 

effectively combining competing properties such as stiffness and strength as well as additional 
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fulfilling non-structural purposes. The case example was inspired by the human bone for 

instance as the fibre-reinforced shell mimics the dense cortical bone, accommodating the 

cylindrical osteons and predominantly providing strength and stiffness and porous, lattice-

microstructure represents the spongy trabecular bone, taking on both metabolic functions and 

structural functions (energy absorption, buckling resistance, etc.). While nature has a obtained 

a lead over the last few million years, artificial structures will potentially close this gap by 

gradually identifying and solving current limitations through exhaustion of manufacturing and 

design capabilities. 

 

Fig. 2-23: A cantilever beam case example illustrating three major fields of performance-driven DfAM, 

highlighting the prospective potential for AM-parts: i) Lightweighting; ii) Functionalisation and 

consolidation; iii) Slicing. Note (*) is reproduced from [382] with permission from Springer Nature. 

 

The research objective on slicing and toolpath generation will be addressed in the next 

two chapters. First, the practical limitations for realising the idealised case study using a closed-

source printer and generic infill strategies will be assessed (see Chapter 3). Subsequently, a 

custom FRAM printer will be utilised in conjunction with newly-developed infill patterns for 

FFF with composite feedstock, allowing for the in-depth investigation into aspects of DfAM 

for FRAM (see Chapter 4). This provides a solution for realising the lightweight potential 

encapsulated in Fig. 2-23 by effectively reinforcing AM-parts.
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Chapter 3 Fibre-Reinforced Additive Manufacturing – 

From Closed-Source Limitations to Open-Source 

Possibilities  

 

3.1 Introduction  

While fibre-reinforced additive manufacturing (FRAM) is still a niche field in AM, it 

bears great potential for creating lightweight AM-parts. Since the first working prototype 

(MarkOne) from Markforged Inc. was presented in 2014, it gained growing interest in 

academia [198–205] and industry [207–209]. Potential beneficiaries include the aerospace, 

automotive and biomedical sectors [16,198,210]. This trend is supported by the recent 

emergence of two additional companies on the market in 2019, providing desktop printer 

solutions for FRAM (Anisoprint and 9Tlabs), including the proprietary print material and 

slicing software. The latter plays a critical role in fulfilling the promise and creating truly 

strong, light and robust end-use parts as portrayed in the initial case study presented in section 

2.5.2. 

3.1.1 Background on FRAM with commercial printers 

In an extensive review by Hamid and Sanei [198], research findings and methods 

employing commercial printers for FRAM have been summarised. Authors have highlighted 

the influence of print parameters on the mechanical performance and emphasized the limiting 

factors of printers to date, including poor adhesion between fibre and matrix layer, insufficient 

tension in fibres, excessive porosity, and the limited selection of matrix material. Moreover, 

academic studies on C-FRAM were limited to the Markforged Inc. printers, which drastically 

restrict control over the above factors [198].  

The numerous studies on the mechanical performance of additively manufactured 

composites, fabricated using Markforged printers, have recently statistically been summarised 

in [469]. Other works have also listed comprehensive lists of the properties achieved using C-

FRAM subject to deposition pattern and reinforcement layers [198,470]. The authors in [469] 

highlighted that the effect of infill geometry and density have been downplayed in studies and 

did not receive the appropriate attention in academia yet. While the ‘isotropic’ infill was 
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generally found to reveal improved properties, this primarily stemmed from the alignment of 

the fibre angle with the principal load direction as described in [198,469]. This has also been 

demonstrated in [471], where even with short fibre-reinforcement, uni-directional infills 

yielded the highest modulus and strength compared to triangular infills (similar to ±45°).  

In [472] it was revealed how a strategic placement of fibres, i.e. wrapping them around 

notches, can help effectively redirecting the crack and improving fracture resistance (see Fig. 

3-1(a)-(c)). Similarly, in [473], it was highlighted how the ‘isotropic’ infill yields the highest 

resistance to failure while concentric rings have been shown to improve the fatigue life of fibre 

reinforced tension specimens (see Fig. 3-1(d)-(f)). When tested transverse to the print plane, it 

was observed that the ‘concentric’ infill outperforms the ‘isotropic’ counterpart [262]. Dickson 

et al. [201] showcased the differences in fibre volume fraction between the two reinforcement 

strategies, and that strength of the specimens tested in tension built with ‘concentric’ infill is 

lower than that built with ‘isotropic’ infill and vice versa for flexure specimens.  

 
Fig. 3-1: (a)-(c) Notched tensile specimens with isotropic infill patterns and (a) no extra wall layer, (b) one and 

(c) three additional wall layers, exhibiting different crack formations. (d)/(e) Unidirectional/isotropic and (f) 

concentric infill strategy offered by Markforged Inc. printers. (d) 0° and (e) 45° infill pattern (note the 

‘isotropic’ patterns refers to the unidirectional pattern which is rotated by 45° every layer). Images (a)-(c) are 

reproduced from [472] with permission from SAGE Publishing, and images (d)-(f) are reproduced from [198] 

following the Creative Common Terms from MPDI. 

 

In [261], fibre orientation was emphasized as researchers found different tensile 

properties for dissimilar infill patterns with equal fibre volume fractions in samples printed 

with continuous fibres. Even for tension specimens printed with S-FRAM, it was found that 

the infill pattern has a significant influence on the elastic modulus as the triangular infill 

resulted in a twofold higher stiffness as compared to a rectangular infill of the infill density 

(d)

(a)

(b)

(c)

(e)

(f)



 Fibre-Reinforced Additive Manufacturing – From Closed-Source Limitations to 

Open-Source Possibilities 

- 63 - 

 

[474]. Furthermore, authors [474] highlighted how printing multiple concentric reinforcement 

paths into one layer performs superior over the same amount of tracks spread over different 

layers (same volume fibre volume fraction for infill architectures). 

With considerable research that has been conducted employing commercial printers, 

the following will focus on the associated manufacturing and slicer limitations. Chapter 4 will 

elaborate on this field of study following an open-source approach.  

3.1.1.1 Hardware limitations – Manufacturing constraints  

While the manufacturing constraints for S-FRAM are practically identical to those of 

single-material prints (recall section 2.3.2.1), a filament cutting process is required when 

employing C-FRAM to ensure free print head movement. Cutting generally occurs within the 

printer head; thus, there exists a hardware-specific minimum fibre length defined by the length 

between the blade and the nozzle tip, governing the minimum volume that can be printed with 

CFR. This is commonly specified by the manufacturer [39]. Another aspect limiting the 

integration of continuous fibres are the minimum feature sizes, whereby, e.g. Markforged Inc. 

differentiates between open and looped features. As slicing software for FRAM typically has 

features for automatically reinforcing holes (see Fig. 3-8), the printers commonly also have a 

constraint regarding the smallest reinforceable hole size (this is governed by the minimum 

possible radius as well as the minimum printable fibre length).  

3.1.1.2 Software limitations – Infill patterns  

A limited number of slicing software for C-FRAM exists to date (recall Tab. 2-2), and 

their capabilities are still restrictive. These limitations are generally introduced to ensure 

reliable machine operations, prevent inadvertent machine damage and to protect the intellectual 

properties. They are related to the processing parameters (temperature, fan speed, layer 

thickness, etc.) and especially with regards to infill patterns. Moreover, software like Eiger also 

prevents the use of third-party G-codes, leaving no scope for user customisation. As a result, 

fragmented and inefficient reinforcement patterns are generated (e.g.: locally varying or 

asymmetric fibre content), which require design adaptations. Furthermore, it hinders the 

exploration of process parameters on the mechanical performance of AM parts. Simple feature-

recognition approaches (i.e. local hole reinforcement) or concentric infill patterns as often used 

with C-FRAM are not always expedient, causing unreinforced artefacts for complex freeform 

shapes. Since the fibre orientation in FRAM significantly affects the performance 
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[183,198,210], it is evident that build preparation software should provide automated and 

adaptive solutions. Ideally, toolpaths should account for the pertinent stress profile while 

avoiding excessive manual work and expertise in defining fibre paths.  

3.1.2 Objectives 

The objectives of the first part of chapter 4 are: 

• Investigate the infill and reinforcement capabilities and efficiency of a closed-

source FRAM ecosystem. 

• Elucidating hardware and software specific constraints of this implementation.  

The second part of the chapter is aimed at: 

• Development of open-source FRAM printer that is enabling the free placement of 

reinforcement and laying the foundation for investigating custom infill patterns in 

Chapter 4.  

3.2 Closed-Source Implementation – Performance and Limitations 

3.2.1 Materials and methods 

Test specimens and set-up – In this preliminary experimental investigation the FFF 

printer MarkTwo (Markforged Inc.), the proprietary slicing software Eiger [475] and composite 

feedstock material were utilised. Three-point bending (3PB) tests, based upon the ASTM 

D7264/D7264M – 15 [476] standard, were conducted on a 50kN Instron machine at a 

displacement rate of 2mm/min. Both a basic rectangular specimen, termed benchmark 

structure, as well as topology optimized (TO) test specimens, were examined (see Fig. 3-2(a)-

(b)). Testing was conducted transversely to the build direction z (compare Fig. 3-2 (d) and Fig. 

3-3(a)). The benchmark structure represented the initial design domain for the TO structure, 

which was realized using the SIMP method [106,107,477]. For the optimization, a volume 

constraint of 0.5 and a filter size of 2 was employed before a binary solution was obtained 

through density thresholding of 0.5. An aspect ratio of the initial domain of 4:1 was chosen to 

ensure good comparability with the common MBB-beam (Messerschmitt-Bölkow-Blohm) 

examples used as standard benchmark case in the field of TO. For ease of testing, an extruded 

TO solution was considered.  
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Fig. 3-2: (a) Benchmark specimen (note 4:1 ratio of length to height) and (b) the corresponding binarized TO 

solution obtained using SIMP with 0.5 volume fraction of the original design domain shown in (a). (c) 

Markforged Inc. MarkTwo printer and (d) test set-up with benchmark specimen in bending. 

 

Specimens were printed with unreinforced nylon and short and continuous fibre-

reinforced nylon (chopped carbon fibres and continuous carbon fibre bundles). Tab. 3-1 

summarises the test case matrix, including the feedstock materials nylon (PA - polyamide) as 

well as short (SFR) and continuous (CFR) fibre-reinforced nylon. For the benchmark structure 

with CFR, common fibre orientations used in composite laminates, namely the i) quasi-

isotropic (QI) and the ii) uni-directional (UD) reinforcement, were employed as infill strategies. 

The former is termed ‘isotropic’ in the slicing software and is characterized by layers of 

alternating (0°/±45°/90°)S fibre orientation (see Fig. 3-3(b)) and the latter by a fibre orientation 

that was chosen to be parallel to the x-axis. These are the default reinforcement types provided 

by Eiger, together with the ‘concentric’ pattern, which was utilized for the TO structure as it 

follows the struts in the topology more closely (see Fig. 3-3(a)). 

  
Tab. 3-1: Test case matrix, defining specimen specifications and corresponding designations. 

TO Structure Benchmark Structure 

Specimen ID [feedstock 

material] 

Reinforcement 

strategy 

Specimen ID [feedstock material] Reinforcement 

strategy 

𝑃𝐴𝑇𝑂 [Nylon (PA)] n.a. 𝑃𝐴𝐵 [Nylon (PA)] n.a. 

𝐶𝐹𝑅𝑇𝑂 [Nylon (PA) + CFR] Concentric 𝐶𝐹𝑅𝐵
𝑈𝐷 [Nylon (PA) + CFR] UD 

𝑆𝐹𝑅𝑇𝑂 [Nylon (PA) + SFR] n.a. 𝐶𝐹𝑅𝐵
𝑄𝐼

 [Nylon (PA) + CFR] QI 

𝑆𝐶𝐹𝑅𝑇𝑂 [Nylon + SFR + CFR] Concentric 𝑆𝐹𝑅𝐵 [Nylon (PA) + SFR] n.a. 

  𝑆𝐶𝐹𝑅𝐵
𝑈𝐷 [Nylon (PA) + SFR + CFR] UD 

𝑆𝐶𝐹𝑅𝐵
𝑄𝐼

 [Nylon (PA) + SFR + CFR] QI 
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Additionally, the elastic performance was assessed concerning the specimen’s weight 

(e.g. specific stiffness), and another performance index was introduced relating the Young’s 

modulus to the fibre content. The latter was provided by the slicing software. 

 
Fig. 3-3: (a)/(b) the fibre paths (blue lines) generated by Eiger® [475] within the (a) topologically optimized 

solution with a concentric reinforcement and the (b) benchmark specimen with a typical QI-layup. Note: The 

white lines in b/c) represent pure polymer filament paths printed at ±45° angle. Reproduced from [478] 

according to Creative Common Terms. 

 

Material properties and microstructure – Material properties of the printed filament as 

obtained from the manufacturer can be found in Appendix D. As the short fibre-reinforced Onyx 

material is central to the following research and accompanies the qualitative failure analysis in 

section 3.2.2.3, Fig. 3-4 includes two scanning electron microscopy images showing fracture 

surfaces of a 0°/90° printed layup with the short fibre-reinforced nylon. Using the ImageJ 

image processing software [479], approximately ten measurements were made, determining an 

average fibre diameter of ~7. 5 𝜇𝑚. This is in line with the earlier findings [474,480] on the 

Onyx material and the individual fibres in the bundle that constitutes the continuous fibre 

reinforcement of Markforged’s feedstock material. The length of the short fibres could not be 

measured precisely based on the SEMs in Fig. 3-4, but the incisions in the 90° degree layer 

suggest a value in the realm of the measured ~100𝜇𝑚 [480]. 
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Fig. 3-4: Scanning electron microscopy images of a/b) the 0°/90° printed layup with the short fibre-reinforced 

nylon (Onyx), highlighting fibre pull-out, voids, matrix and chopped carbon fibres (The author would like to 

acknowledge Yingwei Hou for providing these SEMs). c) Continuous carbon-fibre reinforced nylon, illustrating 

the carbon fibre bundles. Reproduced from [261] with permission from Elsevier. 

3.2.2 Results and discussions 

3.2.2.1 Performance subject to specimen type, print material and infill pattern 

The experimental data obtained from the flexure tests are shown in Fig. 3-5. It was 

found that the highest stiffness was achieved by 𝑆𝐶𝐹𝑅𝐵
𝑈𝐷, followed by 𝐶𝐹𝑅𝐵

𝑈𝐷 (compare Fig. 

3-5(c)/(d)). This can be explained by the higher fibre volume fraction. As expected, the UD 

infill strategy was superior, optimally utilizing the axial stiffness of the fibres (i.e., in 3PB top 

edge in compression and bottom edge in tension). The stress-strain curves visually displayed 

higher flexural stiffness values of the reinforced and the reference specimens over the 

unreinforced and topology optimized counterparts, respectively.  
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(a) (b) 

  
(c) (d) 

Fig. 3-5: Load-displacement curves for the (a) topologically optimized and (b) reference specimens with 

different reinforcement types. (c)/(d) Results for flexural strength and stiffness of the (c) TO structures and the 

(d) benchmark specimens subject to different print materials and infills. 

 

As shown in Fig. 3-5(c), the employment of the continuous fibre reinforcement led to greater 

flexural stiffness and lower strength compared to the use of short fibre reinforced feedstock 

material. Comparing the fibre reinforcement pattern in Fig. 3-3(a) and the corresponding failure 

analysis (compare Tab. 3-2 and Fig. 3-7), the low strength can be explained by the insufficient 

reinforcement of the slimmer strut members. The lack of fibre reinforcement in parts 

manufactured with C-FRAM has also been identified in [261] as the source for failures even in 

places where this was not expected. 𝑆𝐶𝐹𝑅𝑇𝑂 displayed the highest performance with the 
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stiffness and strength almost equivalent to the sum of the 𝐶𝐹𝑅𝑇𝑂 and 𝑆𝐹𝑅𝑇𝑂 properties. Like the 

benchmark case, this was believed to be due to the high fibre volume fraction. 

3.2.2.2 Specific stiffness 

Next, the specific stiffness of the benchmark structure was compared with the TO 

structure (see Fig. 3-6(a)). Despite the optimized topology, the benchmark structures 

outperformed the TO solution composed of the same material. Both PA and SFR infills were 

printed at a ±45° angle (default and fixed setting of the printer). This suggested that the 

microstructure, i.e. the infill pattern, was not suited for the optimised topology.  

  
(a) (b) 

Fig. 3-6: (a) Specific stiffness of the unreinforced and short fibre reinforced specimens. (b) Performance indices 

(stiffness/fibre volume content) for the samples printed with CFR. 

 

For the CFR specimens (see Fig. 3-6(b)), a performance index representing the flexural 

stiffness over the fibre volume content 𝑉𝑣𝑜𝑙
𝐶𝐹, revealed that despite the marginal increase of fibre 

content by ~3% between the CFR and SCFR specimens, superior performance was observed 

when both reinforcement materials were employed. The UD infill outperformed the QI 

counterparts, as it naturally represents the optimal reinforcement for the maximum flexural 

stiffness. The importance of choosing the correct infill pattern is highlighted by the CFR 

benchmark specimens filled with UD and QI. Both have an almost identical fibre volume 

content but a significantly different stiffness. The same was observed for the strength in tension 

specimens [261]. 
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Given that one set of specimens was topology optimized, the performance index 

revealed an inferior or only slightly better performance for the 𝐶𝐹𝑅𝑇𝑂 and 𝑆𝐶𝐹𝑅𝑇𝑂, compared 

to the benchmark samples. This suggests that the fibre placement is not ideal and requires 

improvements to efficiently leverage the fibres' performance.  

3.2.2.3 Qualitative failure analysis 

Tab. 3-2 summarises the observed (qualitative) failure modes/characteristics which are 

supplemented by illustrations of the failed specimens and macroscopic fracture surfaces in Fig. 

3-7. As indicated by the load-displacement graph in Fig. 3-5, the nylon specimens were found 

to be very ductile, and did not lead to failure.  

Tab. 3-2: Summary of the failure modes/characteristics. 

Specimen Failure characteristics 

𝑃𝐴𝑇𝑂 
• Excessive bending and no failure (load plateau) 

• Primarily buckling of small struts 

𝑃𝐴𝐵 • Excessive bending and no failure (load plateau) 

𝐶𝐹𝑅𝑇𝑂 
• Initiation: Fibre fracture  

• Crack moved gradually inwards towards loading point 

• Delamination at the surface 

• Buckling of slim struts 

𝐶𝐹𝑅𝐵
𝑈𝐷 

• Initiation: Fibre fracture  

• Incomplete but abrupt fracture 

• Crack moved towards loading 

point in a zigzag manner 

𝐶𝐹𝑅𝐵
𝑄𝐼

 
• Initiation: Fibre fracture at the bottom 

• Crack moved abruptly upwards towards loading point 

• Parts held together by wall layer 

of nylon 

𝑆𝐹𝑅𝑇𝑂 
• Initiation: Abrupt fracture of primary support strut in a 45° angle 

• Fracture surface reveals stepped fracture front 

𝑆𝐹𝑅𝐵 
• Initiation: Abrupt fracture initiated from the bottom edge  

• Crack reveals coarse zigzag pattern 

𝑆𝐶𝐹𝑅𝑇𝑂 

• Initiation: Fibre fracture at the major support 

• Crack moved abruptly upwards towards loading point 

in a zig-zag manner 

• Incomplete fracture 

• Parts held together by 

remaining fibres 

𝑆𝐶𝐹𝑅𝐵
𝑈𝐷 

• No failure → test was stopped prematurely due to excessive indentation and signs of buckling 

• V-shaped bulging at the loading point 

𝑆𝐶𝐹𝑅𝐵
𝑄𝐼

 
• Initiation: Fibre fracture at the bottom 

• Crack moved abruptly upwards towards loading point 

 

The introduction of fibre-reinforcement made the specimens more brittle, causing them 

to fail more abruptly. In the TO-specimens, cracks started propagating near the V-shaped recess 

close to the support points (see Fig. 3-7 (c)/(f)). In contrast, the reference specimens began 

failing at the bottom edge below the loading point as this is the region experiencing the highest 

bending stress in a simple beam geometry. Important to notice is that the introduction of CFR 

hindered complete failure or slowed down the crack propagation, whereas the SFR specimens 

failed abruptly. Likewise, it was observed that the UD layup (i.e., fibres are orientated 
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transverse to the loading direction), including CFR, exhibited a higher strain-to-failure. This 

stems from the higher energy required to initiate a crack transverse to the fibre. 

 
Fig. 3-7: Illustration of the deformed or failed specimens after being loaded in bending (y-direction). (a)/(b) 

Unreinforced as well as (c)-(e) continuous, (f)/(g) short, and (h)-(j) mixed carbon fibre-reinforced samples.  

3.2.2.4 Discerned manufacturing limitations 

Besides the default infill strategies for C-FRAM used in this work (as highlighted in 

section 3.2.1), it must be noted that the infill patterns for S-FRAM were similarly limited, 

namely to ‘triangular’, ‘hexagonal’, ‘rectangular’ and ‘solid’. The latter fills the slice in a 

default ±45° pattern. This makes the software very static and incapable of adaptation to neither 
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the slice geometry nor the expected load, which is vital when introducing a high degree of 

orthotropy through short and continuous fibres (e.g., comparable to automated or tailored fibre 

placement). Illustrated in Fig. 3-8(j) are some shortcomings identified in the TO structure, 

leaving some features partially or entirely unreinforced. 

 
Fig. 3-8: Continuous fibre reinforcement with (a)-(c) concentric infills specifying (a) all wall, (b) inner or (c) 

outer holes and reinforcement utilizing the (d) isotropic strategy [481,482]. (e)-(i) Polymer or short fibre-

reinforced infill strategies. (e) Rectangular, (f) hexagonal, (h) triangular and i) solid (±45°). (j) Visualization of 

inefficient fibre placement (blue paths) in the TO structure with concentric infill, leaving structural members 

insufficiently or altogether unreinforced. 

3.2.3 Preliminary observations  

Firstly, it was demonstrated that the infill strategies significantly influence mechanical 

performance, but more importantly, it was observed that despite optimized specimen 

topologies, the specific stiffness and efficacy of fibre content utilization is inadequate when 

employing the conventional ‘concentric’ infill strategy. It was also illustrated that due to the 

limited options of different infill patterns provided by the closed slicing software, further 

investigations are necessary to examine the influence of different toolpath strategies on the 

performance. The current slicing capabilities do not efficiently leverage fibre-reinforcement 

and limit investigations on the effect of infill patterns on the structural performance. 

Consequently, an open-source solution is required to explore and compare different infills and 

establish new infill patterns that are more performance-driven. This will be presented in the 

following section. 
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3.3 Development of An Open-Source Solution 

3.3.1 Motivation and workaround 

In 2017, when this research project started, there was only one commercially available 

FRAM printer on the market capable of printing both short and continuous fibres, namely the 

MarkTwo of Markforged Inc [207]. Since then, 9T Labs [209] and Anisoprint LLC [211] 

entered the market in 2019 with their own desktop FRAM-printers ‘Carbon Kit’ and 

‘Composer’, respectively.  

As stated in section 3.2.2.4 and emphasized in [198], the effect of process parameters 

cannot be investigated further. Most research questions related to the closed-source 

implementation have been answered, including the impact of build orientation, infill density, 

print material, layer height, fibre volume fraction, et cetera, on the mechanical performance. 

Thus, to investigate alternative infill strategies and fibre direction options, an open-source 

solution is required.   

 An open-source workaround to the issue of controlling where fibres are placed was 

investigated. Given a conventional dual-nozzle FFF printer capable of printing continuous 

fibres both from a physical and digital standpoint (i.e. slicing software account for tool changes 

and cutting operations), fibre-domains and polymer domains could be defined separately in 

two different CAD/STL files. This approach has been showcased in Fig. 3-9, referring to 

paragraph 3.2, in which a skeletal reinforcement was proposed. For this purpose, a topology 

optimized cantilever beam (based on the BESO method [105]) serves as a basic structure from 

which the polymer domain and reinforced domain (medial axis) are defined. Open source 

slicing software such as e.g. Slic3r [483] can then be used to assemble pre-defined sub-domains 

and assign the appropriate material/nozzle to realize a multi-material print. However, this is a 

very time-consuming workflow, requiring multiple software such as Inkscape [484] and 

SolidWorks [485] to conduct the post-processing steps. Consequently, a new toolpath 

generation approach in conjunction with a compatible FRAM printer was developed to avoid 

not only this bottleneck but also investigate FRAM-specific infill patterns.  
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Fig. 3-9: BESO topology optimized cantilever beam with (a) medial axis determination. (b) Dilation of MAT 

and bitmap creation via Inkscape software, (c) import into SolidWorks for spline smoothing and creation of 2 

individual CAD and STL files as well as step.* files. Assembly of (e) STL files in Slic3r software and (f) step 

files in Abaqus CAE software via Boolean operation and assignment of different materials to each domain. (g) 

Meshing of assembly and (h) analysis of structural response.     

3.3.2 Hardware and software specifications  

As a consequence of the constraints mentioned above, with the cloud-based slicing 

software significantly limiting control, a custom printer was built to print multiple materials, 

including reinforced feedstock. As the print head of the MarkTwo was the only C-FRAM print 

head on the market, it was repurposed and installed on a standard FFF printer with a 

conventional XY-gantry system, namely the Creality CR-10S (see Fig. 3-10). For this purpose, 

a new mounting bracket was created, securely fixing the print head to the gantry carriage.  
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Fig. 3-10: The housing of the (a) Creality CR-10S FFF printer and the (b) print head of the MarkTwo (Markforged 

Inc.) FRAM printer were combined to create (c) a custom FRAM printer equipped with Bowden extruders. 

 

Additionally, the original Creality printer was modified and upgraded to meet the new 

requirements for printing with FRAM. While the collated parts used to upgrade the printer are 

detailed in the Appendix G, Tab. 3-3 provides a brief summary of the key upgrades and their 

purpose in pursuit of overcoming the closed-source limitations. Overall, the custom printer was 

assembled at a fraction (~15%) of the price for a MarkTwo printer, which is around 16 thousand 

pounds [486]. 

 

Tab. 3-3: Key upgraded made to the Creality printer to realise a functioning FRAM printer. 

Component Upgrade to Creality  Purpose 

Print head • MarkTwo (Markforged Inc.) 

dual extrusion head 

• Fully integrated print head with fibre cutting 

capability 

Control board • DuetWifi (32-bit main board) 

• Duex2 (expansion board) 

• Capability of driving multiple mico-steppers 

simultaneously and DC motors for fibre cutting 

• Web interface for easy configuration and calibration  

Stepper motor • Micro-steppers • Higher positional accuracy for guaranteeing precise 

filament/fibre placement 

Power supply • DC 24V (2x)  • Two separate sources to meet power requirements 

for additional extruder and stepper motors  

 

In summary, the advantages of this custom printer over benchmark printer MarkTwo are 

complete control over the processing parameters, meaning previously fixed parameters like the 

Power source

Control board 

(Duet Wi-Fi)

Bowden extruders

Dual-extrusion print head

(Markforged Mark2)

Heated print-bed

Filament spools

(Dry-box)

(a)

(b)

(c)
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print speed, hot-end temperature, et cetera, can now be controlled as required. This is a 

significant advantage when printing with other composite feedstock with different polymer 

matrices or if the effect of print parameters on the performance (e.g., bead width, flow rate, 

etc.) need to be investigated. The former is supported by using a heated rather than a ‘cold’ 

heat bed, ensuring better adhesion and thus fewer build failures due to lift-off. However, the 

vital advantage is that the only commercially available print head for continuous fibre printing 

can now be controlled independently of the ‘black box’, that is the cloud-based slicer. Thus, 

this printer enables the investigation of multiple research questions that have been prevented 

until then. Most of all, the effect of using tailored infill patterns, which will be elucidated in 

Chapter 4. 

3.3.2.1 Printer configuration and communication 

Initially, the printer was set up via the Duet3D web interface. The settings saved in the 

printer’s configuration file (please see Appendix H) included e.g. i) the cartesian dimensions 

(print volume), ii) the motor parameters for axes and extruders (e.g. steps per mm, max. speed, 

motor current, etc.), iii) the end stop configuration (end stop type and location),  iv) the heater 

settings for bed and hot-ends (control method, temperature limits, thermistor coefficients, etc.), 

v) the tool mapping (assign extruder and heaters, define offsets, etc.), vi) the bed/grid 

compensation and vii) the fan controls (frequency, temperature triggers, etc.). 

A key aspect of the printer head is the DC motor (HiTEC HS5085MG) operating the 

cutting blade of CF-filament (see Fig. 3-11). In order to control the motor and integrate cutting 

commands into the G-code, the PWM (pulse width modulation) or heater pins can be chosen 

for re-mapping on the Duex2 board as follows 

 M307 H3 A-1 C-1 D-1    ; Disable the heater 3/PWM to control servo motor Eq. 3-1 

whereby the M307 command usually sets or reports heating process parameters. Setting the 

output pins A, C and D to ‘-1’, they become disabled, making them available for use as a 

general-purpose I/O pin. Thus, the heat command H is replaced by the generic command 

parameter P, defining the state of the output pin [487]. In addition to the angle command S, the 

rotation of the DC motor is controlled: 

 
M280 P3 S2300   ; Resting position (retract back to home/idle position) 

M280 P3 S1600   ; Execution (deployment of cutting blade) 
Eq. 3-2 
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 The appropriate integers for the angles have been determined experimentally, ensuring 

the range of motion through deployment and retraction of the cutting blade is within the 

housing tolerances. A key performance index for C-FRAM is the smallest reinforceable area, 

as it determines the fibre volume fraction. This correlates to the minimum fibre length, which 

was experimentally determined to be ~40 mm, as shown in Fig. 3-11.  

 
Fig. 3-11: Schematic depiction of (a) the components of the dual-nozzle printer head driven by Bowden extruders. 

Important to note is the minimum fibre length defined by the cutting location. (b) Customized funnel for the 

reduction of fibre kinks. (c) The simplified operating principle of the fibre cutter engaged via a DC motor within 

the printer head.  

 

During calibration, it was observed that the fibre filament path into the print head needs 

to be smooth, as it was very prone to kinking. Thus, funnels were created at the outlet of the 

Bowden extruder (see Fig. 3-11(b)). Moreover, the contact pressure between the drive gear and 

the bearing was challenging to fine-tune with the off-the-shelf parts (a spare original Bowden 

extruder was not available at the time and due to the different printer framework, the exact 

feeder path could not be replicated). More specifically, since the contact point was small, 

yielding a high pressure, the fibre filament would often be damaged, causing it to buckle and 

not feed into the extruder. Likewise, at lower pressure, there would be insufficient traction and 

thus no extrusion. Consequently, the primary focus was put on calibrating the S-FRAM printing 

via the polymer nozzle.     

The most critical aspect of the printer calibration, necessary before each print, was the 

bed levelling. Unfortunately, the bed of the Creality CR-10S was held by four spring-loaded 

setscrews, making the levelling process difficult (i.e. as plane is defined by three points, this 
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system was overdetermined). With the high dimensional accuracy required for C-FRAM, this 

constitutes another hardware limitation that needs addressing for future investigations (note 

that three points define the print platform of the MarkTwo). However, for a mainly polymer-

based feedstock like Onyx, the calibration accuracy was sufficient.   

3.3.2.2 Processing parameters 

Key processing and calibration parameters are, e.g. print speed and temperature, 

retraction speed/length and most importantly, the extrusion values Ex. These factors are mostly 

related as will be discussed in the following.  

As summarised in section 2.2.3.2, the print and moving commands G0/G1 are followed 

by the XY coordinates and the extrusion values (here denoted as ‘Ex’ instead f ‘E’, to avoid 

confusion with the Young’s modulus), representing the length of the deposited filament, which 

is a product of the extrusion width 𝑤𝐸𝑥 and length 𝐿𝐸𝑥 as well as the layer height ℎ𝐸𝑥.  

 𝐸𝑥 = 𝑓(𝑤𝐸𝑥 , 𝐿𝐸𝑥 , ℎ𝐸𝑥) Eq. 3-3 

Besides the question of how much material shall be extruded, one must also determine 

the bead spacing. A pattern with too distant beads reveals gaps but ensures dimensional 

accuracy, whereas a closely-packed bead spacing results in overlaps and can lower the 

dimensional accuracy. Upon closer inspection, the layer height is generally smaller than the 

nozzle diameter to ensure enough contact pressure and thus sufficient bonding between the 

layers. This consequently yields a rectangle with semi-circular ends, as illustrated in Fig. 

3-12(b). 

 
Fig. 3-12: Schematics of the (a) extrudate volume and shapes, (b) its area, and (c) the effect of inter-bead pores 

due to the extrusion process and as a function of how distant beads are. 
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According to Rosa and Graziosi [488], Ex can be defined by the un-solidified and 

solidified volume VolEx of the extrudate. The former is simply expressed through the extruded 

filament diameter dEx. In contrast, the latter is built upon the assumption that the solidified 

cross-section of the print path resembles a hub-like shape, i.e. a rectangle with two semicircles 

attached to the opposing shorter edges (see Fig. 3-12(b)). Appendix H outlines the 

corresponding mathematical expressions. As this solely represents the theoretical value, the 

flow modifier SF (sometimes also referred to as extrusion multiplier) was introduced to adjust 

the print parameters according to the experimental results. The theoretical and actual extrudate 

volume discrepancy is assumed to stem from the sum of variations in the feedstock filament 

diameter, filament abrasions at the Bowden gear (visually detectable) and partial adhesion in 

the hot-end passageway. Hence, this factor allowed to fine-tune the extrusion to avoid under-

or over-extrusion.  

The Bowden extruder can lead to the bleeding effect due to the lag between the constant 

acceleration profile of the motor and built-up of the threshold pressure within the nozzle. This 

generally causes an oozing-out of excessive material at the end of individual paths. While 

commercial slicing firmware has in-built commands to compensate for that (e.g., the ‘linear 

advance’ implementation in Marlin [489]), the implementation presented here uses a similar 

approach whereby an experimentally determined factor controls the retraction length at the end 

of each print path. 

3.3.2.3 Slicing and G-code  

The G-codes for the printer are written as text files which are created with Matlab® 

(MathWorks, Inc.). Here, x,y,z coordinates of the paths with the corresponding processing 

parameters (recall section 3.3.2.2) are written in the typical format as detailed in section 2.2.3.2. 

The processing parameters, such as the extrusion value, were initially determined based on the 

formulas above and subsequently calibrated based on experimental tests (there is generally 

discrepancy between the theoretical and actual values, due to filament slippage, thermal 

expansion, height-variations on the build platform, etc.). Essential additions to conventional 

slicers are the toolpath changes and fibre cutting processes, as stated in Eq. 3-1 and Eq. 3-2. As 

will be detailed in the following Chapter 4, slices in form of bitmap images served as inputs.  
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3.4 Conclusions 

In experimental bending tests on 3D printed specimens with short and continuous fibre 

reinforcement and different infill patterns (unidirectional, concentric and quasi-isotropic), it 

was quantitatively and qualitatively exhibited that the fibre placement is inefficient. This was 

illustrated by the results on the mechanical performances normalized by weight (specific 

stiffness of topology optimized structure versus unoptimized counterpart) as well as by fibre 

content, which was analysed and compared for standard rectangular benchmark specimens and 

topology optimised counterparts. Moreover, it was visually demonstrated how the 

automatically generated infill patterns by the closed-source slicer, leaves features unreinforced, 

which could subsequently be linked to the failure characteristics observed. 

The second part laid the groundwork for research into infill patterns with FRAM by 

developing a custom 3D printer (open-source implementation), capable of interpreting standard 

G-code input files. For this purpose, the calibration and testing process for the print parameters 

was elaborated on, including the re-coding of the control board to execute fibre cutting steps 

necessary for C-FRAM. With the help of this printer, any type of infill pattern for both short 

and continuous fibre printing can now be tested, and process parameter control can be closely 

monitored. In fact, this new open-source FRAM printer constitutes the foundation for Chapter 

4, in which not only the influence of different infill patterns on the performance, 

manufacturability and economy are determined but also in which new infill patterns are 

developed and tested. This has only been made possible by this custom printer with an open 

interface, allowing full control over the process by using custom G-codes for FRAM. 
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Chapter 4 Design for Additive Manufacturing With 

Fibre-Reinforced Composites 

 

4.1 Introduction  

Leading on from Chapter 3, this part of the work employs the open-source solution to 

FRAM. An investigation into the conventional versus custom infill patterns from a DfAM 

perspective is necessary to identify possible ways for improving current slicing software 

(particularly limitations in available toolpath strategies). In pursuit of realizing the idealized 

case example (recall section 2.5.2), a method for automatically creating efficient infill patterns 

that are either well adapted to the geometry or the stress profile become essential. Particularly 

for FRAM, it is necessary to turn away from the static slicing approach commonly used and 

re-think the requirements to capitalize from the anisotropy of the material properties. This has 

become evident from the investigation into the fibre steering in topology optimized structures, 

which has been the subject and origin for an inquiry into infill patterns in many works [46,264–

266,273,274,490].  

4.1.1 DfAM considerations for FRAM 

Considering the typical layered manufacturing approach, most of the same DfAM rules 

apply for FRAM (recall section 2.2 and 2.3.3). However, the significant difference to AM with 

isotropic print materials are the previously mentioned manufacturing constraints (recall section 

3.1.1) and the necessity for tailoring the in-plane toolpath strategy to maximize the structural 

performance. Likewise, special economic considerations apply to FRAM. All three aspects are 

interconnected and shall be portrayed in more detail in the following.    

4.1.1.1 The influence of infills on the performance 

The most well-researched topic in this field is the infill density combined with 

conventional infill patterns, as reviewed in [198]. With increased infill density, the modulus, 

strength and toughness were shown to increase. Thus, a performance-driven infill pattern is 

fully dense (recall Fig. 1-2). As has been extensively reviewed in section 2.3, the principal 

material properties align with the print direction in extrusion-based FRAM, which has been 
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taken advantage of in different studies [266,490] when developing infill patterns. In 

experimental studies, it was also emphasized how a higher fibre packing density and especially 

a uniform fibre orientation in the loading direction improve the mechanical performance [261].  

Similarly, in the context of automated and tailored fibre placement (AFP and TFP) 

processes, which has great resemblance with FRAM, the optimization of the fibre angle has 

been shown to considerably improve the structural performance [46,491,492] as well as multi-

physical properties such as natural frequencies [493]. A popular example is the open-hole 

tension tests, for which Tosh and Kelly [494] have shown to significantly improve the strength 

by 62% if the fibres were steered effectively. The authors have emphasized that the layup of 

the composite laminate was guided by the dominant pattern of the principal stress trajectories 

rather than the complementary orthogonal trajectories. Generally, works have considered the 

strain-based [495] or stress-based [496] approach for determining the optimal fibre orientation. 

Papapetrou et al. [266] stated that the latter creates more efficient (i.e. stiffer) structures and is 

less sensitive to fibre angle variations. However, due to the non-convexity of the compliance 

with respect to the fibre angle, the starting conditions are crucial (i.e. initial fibre angle), which 

is why the authors [266] proposed the use of the energy-based [497] and level-set method [498] 

to determine the optimal fibre orientation within an optimized topology. For the former, the 

EQS (the Equally-Space method, which creates parallel lines along the largest dimension of 

the domain), the streamline (tangents of the vector field) and the offset (comparable to 

concentric infill guided by contours) infill methods were employed. The level-set method lends 

itself to the offset approach based on the iso-contour lines. For different case studies, the 

authors [266] found that the compliance concerning the infills varies; however, due to the 

improvements over the energy-based method producing discrete fibre angles, the authors [266] 

concluded that fibre continuity is crucial for obtaining high stiffness.  

Fibre control strategies for C-FRAM have also taken inspiration from topology 

optimization [264,273]. Derived contour paths from the TO-solution showed higher strength 

[273],  and a level-set method for fibre steering [264] was further developed towards maximum 

stiffness and global control of the deposition paths [265]. Steuben et al. [148] have 

demonstrated the flexibility in generating complex infill patterns using an implicit slicing 

approach centred on the level set information. Likewise, the authors [148] showcased its 

mechanical efficacy, yielding, among other stress-modulated infills that significantly 

outperformed conventional linear infills in terms of failure strain and elastic modulus.  
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4.1.1.2 The influence of infills on manufacturability 

For AFP and TFP processes, fibre waviness or undulation is detrimental to the 

mechanical performance, as reviewed in [499–501]. Thus, a similar effect is expected for 

FRAM, especially considering the use of continuous fibres. While the fibre's stiffness might 

prevent the manufacturability of sharp corners (i.e. small radii), the abrupt change in fibre 

orientation for continuous fibre composites was also identified to cause stress concentration 

[266] and should thus be avoided. Consequently, Papapetrou et al. [266] presented a method 

for ensuring fibre continuity and thus manufacturability for the EQS, offset and streamline 

infills. However, similar to [148], the EQS infill in [266] did not provide equidistant paths, 

resulting in a noticeable number of ‘voids,’ i.e. domains with a small un-reinforceable area if 

C-FRAM would be considered. It seems likely that while possibly being economical in the use 

of continuous fibres, meaning a good ratio between performance and fibre volume fraction, 

this approach is not necessarily geared toward maximum performance (realizing maximum 

fibre volume fraction). On this topic, it is worth noting that discontinuities in print paths have 

been identified as points of failure, i.e. weak spots [234,274]. A manufacturing-friendly single 

continuous path strategy that is potentially promising for C-FRAM has been presented in 

[280,502].   

In [503], Seifert and co-authors showcased how the orthotropy of S-FRAM can be 

controlled by linking the infill pattern with the print speed. As a higher print speed yields better 

alignment of the chopped fibres with the print direction, the properties are less isotropic. Thus, 

given a conventional infill pattern with a fixed global print angle, local fibre control via variable 

print speeds has been shown to improve compliance [503]. Similar to the maze-like infill 

promoting (quasi-)isotropic properties [175], some infills derived from the implicit slicer in 

[148] may not lend themselves well in terms of manufacturability for C-FRAM. This stems 

from excessive changes in print direction, causing small radii and thus increasing the likelihood 

of gaps forming between the adjacent paths [26], which are known to reduce the performance 

[183,189,190,192,230,232–234]. Again inspiration from TFP can be drawn from [33], which 

presented an equidistant and gap-free pathing method derived from the fast marching method. 

Similarly, Ding et al. [152,179,193,194] developed an infill pattern geared towards arc/wire 

AM, improving part performance through ease of manufacturing. It was guided by the medial 

axis and was shown to effectively reduce inter-bead pores as the bead width can be 

altered/adapted in-situ for this AM process.   
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4.1.1.3 The influence of infills on the economy 

The economic efficiency in the AM-workflow can be differentiated into digitalization, 

i.e. from CAD design G-code (design stage to process plan stage) and the manufacturing. The 

practical bottleneck for the former is often the different software environments and tools 

required to realize an AM-part. Thus, it is postulated here that the design and process-stage are 

coupled, yielding a consolidated slicing tool that creates and subsequently assesses infill 

patterns to choose the best possible solution. A prerequisite to realizing this is to develop easy-

to-implement infill strategies that universally create well-performing toolpaths for FRAM.   

From a manufacturing standpoint, economical printing is commonly associated with 

low print time and minimised material waste, i.e. fewer support structures and optimal material 

usage (e.g. topology optimization). This is equally applicable for FRAM. Time-efficient infill 

patterns have been researched elsewhere [154,176]; however, the cost-efficient use of the high-

cost continuous fibre print material (as opposed to unreinforced feedstock) for multi-material 

prints has, to the knowledge of the author, not attracted any research interest yet. 

4.1.2 Background composite analyses 

4.1.2.1 Lamina analysis - Elastic constants with respect to fibre orientation 

Employing the lamina theory, it is possible to assess the elastic constants of an element 

of fibre-reinforced composite material in a single plane/slice, which is the focus of this work. 

Thus, the single layer can be considered as transversely isotropic. Given the fibre is orientated 

at some arbitrary angle when subjected to normal stress, the element experiences a shear strain. 

Thus, it is also called shear-extension coupling, and the effective stiffness in the normal 

direction is reduced. The definition of the five elastic constants in a global coordinate system, 

is detailed in the Appendix I.  

4.1.2.2 Principal stresses  

Determining the maximum normal and shear stresses is key in assessing if a structure 

is strong enough, i.e. if stresses exceed considered safety limits with respect to failure (by yield 

or fracture). The principal stress theorem states that three orthogonal planes are free of shear 

𝜏𝑥𝑦
′  (principal stress planes) [504,505]. At the principal stress angle 𝜃𝑃 the maximum and 

minimum normal stresses, i.e. the principal stresses, are obtained. For this purpose, the concept 

of Mohr’s circle was utilised, as detailed in the Appendix J. The following stress transformation 
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matrix is calculated to determine which stress is associated with 𝜃𝑃 and which is rotated 90° 

from 𝜃𝑃 [506]: 

 [
𝜎11
′     𝜎12

′

𝜎12
′     𝜎22

′ ] = [
cos 𝜃𝑃     sin 𝜃𝑃
−sin 𝜃𝑃     cos 𝜃𝑃

] [
𝜎11    𝜎12
𝜎12    𝜎22

] [
cos 𝜃𝑃     − sin 𝜃𝑃
sin 𝜃𝑃     cos 𝜃𝑃

]. Eq. 4-1 

In the following work, 𝜃𝑃 associated with the maximum normal stress was used to align 

the principal material direction E11 (parallel to fibre, i.e. print direction). This was done to 

obtain the optimal alignment and benchmark performance. 

4.1.3 Medial axis transformation 

Originally developed by Blum [507], the medial axis transformation (MAT) or 

skeletonization constitutes a method for describing or reconstructing shapes from an original 

domain. Since then, the technique has been refined and found a wide range of applications for 

both geometric and mechanical operations, as reviewed in [508]. The medial axis (MA), also 

called medial locus of a closed set 𝑆 in ℝ𝑛 (set in n-dimensional object Ω) is determined by the 

maximal inscribable ball (3D) or disc (2D) 𝐵 ⊂ ℝ𝑛 in S if 𝑆 ⊂ 𝐵 [508]. Connecting the centres 

of all these discs yields the MA, as illustrates in Fig. 4-1 for an arbitrary shape.  

 
Fig. 4-1: Simple 2D geometry showcasing its medial axis based upon the maximum inscribable discs. 

 

The MA is commonly deduced from a binary image and represented as a set of pixels 

and voxels. Kerschnitzki et al. [509] have developed one of the earliest codes to automatically 

derive the MA from structures, which has been acquired by personal communication. 

Meanwhile, commercial software like Matlab® has its own in-built implementations for 

obtaining the MA, which have been used in this work. Important to note is the particular case 

where the boundaries of Ω represent a right angle, the MA branches out connecting with the 

perimeter. Thus, MAT processes often include post-processing steps.  
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4.2 Methodology 

A key difference between conventional and functional prototyping lies in the objective, 

whereby the former is merely used to verify a design, whereas the latter caters for maximum 

performance. To exploit the potential of high-performance feedstock material, slicers must 

work in conjunction with FEA software. The efficacy of the infill pattern is either validated or 

even better tailored to the load profile rather than being generically selected. In this context, it 

shares similar research objectives of, e.g. tailored fibre placement techniques. The conventional 

and envisaged roadmaps for the two approaches are illustrated in see Fig. 4-2. The functional 

prototyping approach proposes that infills are systematically compared slice-by-slice, using 

numerical structural analysis to identify the best performing. 

4.2.1 Generation of infill patterns  

Fig. 4-3 illustrates the established framework for the design with FRAM (FRAMework). 

The flowchart depicts how the four infill strategies under investigation were created, 

specifically how the domains (shell and infill) of a slice were defined one by one until the final 

G-code was produced. The research encompasses the comparison between two conventional 

infill patterns commonly used in today’s software, namely grid (i.e. alternating ±45° or 0°/90° 

print path orientation in consecutive layers) and concentric with two custom/functional infill 

patterns, termed MPS (main principal stress trajectory) and MAT (medial axis transformation). 

Schematic visualization of the four patterns is provided in Fig. 4-4. 

 
Fig. 4-2: Design-to-print roadmap of the conventional versus functional prototyping workflow. The latter is 

geared toward adaptive and tailored infill patterns for FRAM. Reproduced from [41] following the terms of the 

Creative Commons CC-BY license. 
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It is hypothesized that the custom infill patterns improve the structural performance 

compared to the conventional ones when used with orthotropic print materials. The MAT infill 

was developed to represent key features quickly and automatically in the slice geometry 

through a skeleton-like infill (i.e. mimicking the actual outlines of the geometry), ensuring 

unreinforced struts as identified in some commercial software (recall section 3.2.2.4) are 

avoided. This is believed to be more efficient for complex geometries with multiple holes. The 

MPS infill, on the other hand, is directly derived from the principal stresses best to utilize 

material properties of the continuous fibre. Thus, this approach constitutes a performance-

driven strategic approach.  

This work focuses on single 2D slices (supplied as bitmap image), analysing the four 

infill patterns for specific load-cases. The method encompasses transitioning from a pixel-

environment to a continuous toolpath, which was realized with Matlab® 2018b. Here, primarily 

the image processing toolbox was used to eventually write a G-code text file (as illustrated in 

Fig. 4-3) that could be read by the custom 3D printer (recall section 3.3). 

 

Fig. 4-3: FRAMework - Flowchart highlighting the different steps for generating the G-code based on selected 

infill patterns and print parameters. Reproduced from [41] following the terms of the Creative Commons CC-

BY license. 
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In the first step, it was ensured that bitmap resolution, i.e. the pixel density and size, 

match with the print parameters (e.g. bead width, which is a product of the nozzle diameter and 

layer height) and physical size of the part. This has been calibrated with tests prints, ensuring 

satisfactory inter-bead bonding. The domain assignment was conducted in the subsequent 

steps, starting with the shell paths, followed by the medial axis (MA) or MPS trajectory. Lastly, 

the remaining area was filled. A numbering scheme was introduced to differentiate each 

domain, control the order in which they are printed and assign certain print materials with 

specific domains (compare close-up in Fig. 4-4). In this way, each print path of each domain 

was tagged with unique identifiers. 

4.2.1.1 Conventional versus custom infill patterns 

Equal across all four infill patterns are three concentric shell layers, clearly delimiting 

the outer-most perimeter and inner-most perimeters (holes) from the infill domain. Prioritizing 

the shell layers (also first to be printed) is generally done in Slicers, providing a good surface 

finish. With the help of erosion and dilation of the pixels at the outer- and inner-most perimeter, 

respectively, adjacent shell layers were defined. An in-build Matlab® function 

(bwtraceboundary) was used to trace the boundary of those closed-loops, providing ordered 

pixel subscripts. Star-points for printing those shell paths were randomized to avoid fibre 

discontinuities or resin-rich areas, which would impair the structural performance.  

 
Fig. 4-4: Schematics of the (a)-(c) conventional and (e)/(f) custom infill patterns. Grid infills with (a) 0°/90° 

pattern and (b) ±45° pattern. (c) Concentric infill and (d) close-up depicting the element numbering scheme for 

shell and infill domain of the grid infill with odd and even numbers, respectively. (e) MAT and d) MPS infill 

strategies. Note that for such a simple geometry, the concentric and MAT infill are identical. Note that 

dimensions are not to scale (e.g. hatch spacing, etc.). Reproduced and adapted from [41] following the terms 

of the Creative Commons CC-BY license. 
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Grid and concentric infill – The two conventional patterns were subsequently defined 

via a Boolean operation and erosion/dilation steps, respectively. The bwlabel function (in-build 

function of Matlab®) was utilized for assigning unique path identifiers (see Fig. 4-4(d)). 

MAT-based infill – Centred on the theory presented in section 4.1.3, the skeletonization 

was implemented via Matlab’s in-build bwmorph function in this study. As shown in Fig. 4-5, 

after the MA was determined, post-processing steps were required to, e.g. clean redundant 

spurs/branches, or ensure symmetry (e.g. symmetric slice). The symmetry constraint was 

necessary for MAT as the MA is established successively from the smallest to the largest index 

in the bitmap matrix, naturally resulting in asymmetric results, due to the linear matrix indexing 

in Matlab® (matrix is treated as if its elements were connected consecutively, column-by-

column). Likewise, ambiguous routing scenarios, i.e. two routing options may be possible in 

small features. Asymmetry in the MA can thus also be occurring if a pixel-wide route through 

a section that has a thickness equal to an even number of pixels is created, as highlighted by 

the two MA segments in the red boxes (see Fig. 4-5(e)). It is of note, that any symmetrical 

object could also be halved, and the MA result could be mirrored to obtain the same result. 

 
Fig. 4-5: Medial axis transformation steps (a) before and (b) after post-processing, exemplified by a simple 

cubic slice with a hole. (c) Dilation of medial axis up to perimeter and (d) infill of remaining space with the 

concentric pattern. (e) Skeletonized structure with dissimilar medial axis paths through struts with identical 

thickness, closely illustrated on an example where the Euclidian distances to the boundary elements are 

identical for two different paths. Reproduced from [41]. 

 

The branched medial axes were segmented so that they can later be printed individually. 

The associated pixels of each segment were traced in order. Subsequently, the MA was 
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recursively dilated until the intersection with a shell layer (see Fig. 4-5(c)). As the MAT-based 

infill is thus established from the inside out, it is less likely to leave features unreinforced as 

compared to the grid and concentric patterns. The remaining domains were finally filled with 

concentric toolpaths, as shown in Fig. 4-5(d).  

MPS-based infill – This infill strategy follows an approach whereby an FEA preceded 

the pattern generation. Here, isotropic material properties and boundary conditions relevant for 

the load case were considered, resulting in the element-wise principal stresses. Subsequently, 

the node at which the load or the boundary conditions were applied were used as starting points 

for establishing the ‘main’ principal stress paths (‘main’ is indicating the principal stress with 

the greatest magnitude). For this purpose, Matlab’s in-build streamline function was utilized 

(compare Fig. 4-4(f)). This ‘dominant’ path governed a simplified blueprint of the stress state 

(like the geometry-based skeleton in MAT). It was used to establish literal guidelines, filling 

the remaining domain with concentric paths. In cases where multiple nodes are constrained, a 

node at or close to the centre was selected. For slice geometries with multiple holes or features 

(i.e. manifests itself in various branches), the selections must be coordinated such that stand-

alone paths emerge which occupy/encapsulate a large portion of those features (i.e. individual 

members are well represented). This is exemplified by a topology optimised cantilever beam 

example in Fig. 4-6, for which the principal stress trajectories originating solely from the centre 

of the fixed nodes and the node at which the load is supplied fail to capture the main branch on 

the top. Thus, a fourth starting point (S4) was introduced to capture larger parts of the cantilever 

domain (i.e., the top which is under tension and the bottom which is under compression). It is 

of note that additional starting points could be chosen in case even smaller or all features in an 

open-hole design shall be captured accurately. 

 
Fig. 4-6: (a) Schematic illustration of the main principal stress trajectories’ start nodes (denoted by ‘S’ and 

green dots) at the centre of the fixed faces and the node at which the load is applied. Their corresponding end 

points are denoted by ‘E’ and red dots. In this open-hole example, another trajectory (indicated by the dotted 

line between S4-E4) was added to capture better the topmost region of the cantilever, which is in tension. (b) 

The accompanying MPS infill pattern for the cantilever example. 

S1

S2

S3/

E4E3

E2E1

S4
(a) (b)
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4.2.1.2 Toolpath post-processing 

A two-stage line simplification operation was conducted when transforming the 

pixelated toolpath into the G-code (see Fig. 4-7). This included i) an elimination of the 

intermediate points between the first and last point of a straight line to reduce the G-code size 

and ii) a reduction of the staircasing effect in case of paths angled at 45° to improve the 

smoothness and thus the manufacturability. This yielded isolated pixels that do not have 

connectivity in the 3x3 vicinity. Therefore, those ‘empty’ pixels have been compensated for in 

the G-code with increased extrusion values. Practically, this meant that more material was 

extruded in those staircased paths to produce a thicker deposition bead that guarantees bonding 

with the adjacent beads. An equivalent average of fibre angle based on the 3×3 neighbourhood 

(see Fig. 4-7(e)) was assigned in the corresponding FEAs. In all other elements, the principal 

material direction was aligned with the toolpath direction. 

 
Fig. 4-7: (a) Tension specimen with concentric infill and (b) close-up showing the toolpaths. (c)/(d) 

Visualization of the line simplification for straight and staircased toolpaths, including (e) the approach for 

determining the average fibre angle in pixel artefacts. (f)-(h) Different implementations of toolpath start- and 

end-point. (f) Locally fixed; (g) randomized (used in this work) and (h) continuous. Reproduced from [41] 

following the terms of the Creative Commons CC-BY license. 
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Fig. 4-7(f)-(h) displays different implementations for choosing start- and end-points for 

toolpaths. In this work, a randomised approach was chosen (see Fig. 4-7(g)) to reduce the 

likelihood that points of weakness form. These can arise from local fibre discontinuities and 

thus polymer accumulation (see Fig. 4-7(f)) or kinks in the paths (see Fig. 4-7(h)). However, 

as pointed out in [42], a continuous path can be advantageous from a manufacturing standpoint, 

resulting in smooth nozzle movements and thus higher print reliability. In terms of economy 

(e.g. reducing print-time), a continuous and non-randomised strategy might be more suitable 

to reduce unnecessary print head movements without extrusion. An equally-spaced method 

could be a viable alternative for avoiding weak points; however, it would need to account for 

the curvilinear spacing (Euclidian distance inconclusive for complex shapes with multiple 

holes). Consequently, it must be noted that optimising the start- and end-point selection is not 

only a topic of importance but also constitutes a trade-off between performance, 

manufacturability, and economy. Further investigations into this topic will be necessary, but 

they are beyond the scope of this work. 

4.2.2 DfAM factors and associated assessment indices 

Seven different assessment indices associated with three separate DfAM factors i) 

Economy, ii) Manufacturability and iii) Performance were chosen for comparing and 

characterizing the different infill patterns, as summarized in Tab. 4-1. Spider plots were utilized 

to elucidate potential interdependencies and characteristic features from the numerical results 

of each DfAM index.  

4.2.2.1 Performance 

The mechanical performance measure for stiffness and strength were the sum of strain 

energies (inverse of stiffness) and the maximum stress recorded in the slice during loading. 

Lastly, a stiffness-alignment index was introduced, assessing how well the tool paths align with 

the principal stress trajectories and thus the efficacy of the infills. The latter was established by 

conducting a numerical analysis of the slice considering isotropic material properties. 

Subsequently, the element-wise principal stress trajectories, i.e. the ideal fibre-alignments (also 

used for MPS), were obtained, as detailed in section 4.1.2. Consequently, the optimal 

benchmark performance was obtained when aligning the principal material properties in each 

element with the corresponding principal stress direction. Important to note is that as a result, 

this benchmark case was decoupled from any toolpath constraints.  
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Tab. 4-1: Assessment matrix for analysing different DfAM factors, as reproduced from [41] following the terms 

of the Creative Commons CC-BY license. 

DfAM 

Factors 
Assessment indices Metric Method Software/Code 

P
er

fo
rm

a
n

ce
 

Sum of elemental 

strain energies 

[Jm-3] • FEA with C3D8R elements 

• Output variable: SENER 

Abaqus/In-

house 

Maximum stress [MPa] • FEA with C3D8R elements 

• Output variable: S11; S22; S33; S12; S23; 

S13 

Abaqus/In-

house 

Normalised 

Stiffness-

Alignment Index PI 

[%] • FEA with C3D8R elements 

• The direction of tool path versus Cauchy 

stress tensor (Mohr’s Circle) as normalized 

strain energy score from 0 to 1 

• Elemental strain magnitude is factored in 

Abaqus/In-

house 

Material orthotropy 

(S-/C-FRAM) 
#
 

[/] • FEA with C3D8R elements 

• Material properties (see Tab. 4-4) 

n.a. 

M
a

n
u

fa
ct

u
ra

b
il

it
y

 Sinuosity Index  

SI 

[1,∞] • Douglas-Peucker-Algorithm [510] 

• Average of SI-scores obtained with the 

tolerances taking the values: 0.001; 0.8; 1 

and 1.2. 

Matlab
®

/Recur

sive polyline 

simplification 

function [511] 

Tool path length > 

40 mm 

[%] • The Euclidian distance of discretized 

toolpaths 

Abaqus/In-

house 

E
co

n
o

m
y

 CPU time [sec] • Time from reading the bitmap file to 

writing a G-code  
Matlab

®
/tic-toc 

function 

Print time [sec] • Time for printing a single layer based on 

print and travel speed  
Matlab

®
/in-

house 

# 
Note: This is an intrinsic material factor affecting the performance and was assessed separately.  

 

The stiffness-alignment index is centred on a sensitivity analysis of fibre angle 

deviation from this benchmark case. Thus, fibre angle, i.e. the principle material orientation in 

each element, was rotated by 𝜃 in steps of lx such that 

 𝑙𝑥 = {5, 𝑟: 𝑟 = 10 + 10 × 𝑛, 𝑛 ∈ {0,1, … 8}}. Eq. 4-2 

Rotation was conducted clockwise and anti-clockwise as the investigated case studies 

(see Tab. 4-2) are symmetric along the loading axis. Hence, the elements of the left and the 

right half were rotated so that the strain energy and stress values were determined for deviations 

from -90°≤ 𝜃 ≤ 90°, ensuring symmetric stress distribution. The stain energy and stress values 

recorded for the discrete test cases were fitted with an (x-1) order polynomial function 

𝑓(𝑃𝐼(𝜃)). Here, 𝑃𝐼(𝜃) was normalized by the lowest elemental strain energy 𝑆𝐸𝜃  recorded for 

the optimal benchmark case (i.e. no angle deviation from principal stresses), such that 

 𝑓(𝑃𝐼(𝜃))  with:  𝑃𝐼(𝜃) =
∑  𝑁
𝑖=1,𝜃 SE𝑖,𝜃

min
𝑥→𝑛

(SE𝜃(𝑥))
. Eq. 4-3 
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Similarly, the change of the maximum local stress was plotted as a function of fibre 

angle deviation. To ensure that the element-wise stress intensity was factored into the 

normalized performance index PI(𝜃), a penalization inspired by the density-based topology 

optimization method [106] was introduced. This combined the global and local response, 

expressing a joint parameter between stiffness and alignment. Hence, the element-wise value 

PI(𝜃) was penalized by a factor of three based on its normalized elemental strain energy such 

that PI yields the average performance given as 

 𝑃𝐼 =
1

𝑁
∑  

𝑁

𝑖=1

𝑓(𝑃𝐼(∆𝜃𝑖)) × SE𝑖,𝑛𝑜𝑟𝑚
3 + 1, Eq. 4-4 

with ∆𝜃𝑖 as the elemental fibre angle deviation between the toolpath and the principal stress 

direction (i.e. benchmark case).  

As the degree of material orthotropy, i.e. the ratio between the elastic constants E11 to 

E22, is significantly different between S-FRAM and C-FRAM, as shown in Tab. 4-4 it was also 

examined in light of its effect on the performance. Being an intrinsic material factor, it will be 

assessed separately from the remaining seven indices. As prefaced in section 4.1.2.1 the lamina 

analysis can be utilized to elucidate further the effect of fibre angle on the effective properties. 

Employing the corresponding Matlab® codes provided in [512], the elastic constants as subject 

to the fibre angle have been determined as means for comparing infill patterns and feedstock 

with different levels of orthotropy. 

4.2.2.2 Economy 

Assessment of the economy, i.e. cost-efficiency, was determined via the CPU and print 

time. The former captures the computational expense for transforming the design to the G-

code, and the latter is a product of print/moving speed and distance between individual paths. 

Due to the randomization of the print paths start points and the iterative nature of the code, the 

final G-codes were affected (pattern remains the same). Generally, it is of note that the 

presented codes are not optimized for a minimum print time. Consequently, CPU times for 

repeated runs will not be identical but will reflect a similar trend. As a result, it cannot be 

rigorously compared and shall not be the focus of this investigation; however, it will still be 

reported on. 
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4.2.2.3 Manufacturability  

Both the smoothness (sinuosity index) of the paths and their length (percentage paths 

greater than a certain threshold) were analysed in light of manufacturability. As outlined in 

Chapter 3 the latter is of importance for C-FRAM, as the fibres need to be cut, in which case 

the hardware-specific minimum printable fibre length (distance between the location of cut and 

nozzle tip) must be considered (recall Fig. 3-11). This is highlighted in Fig. 4-8(b)/(d), where 

the minimum fibre length 𝑙𝑚𝑖𝑛 limits the use of C-FRAM. Under this consideration, the fibre 

volume fraction for continuous fibres may vary drastically depending on the infill pattern 

chosen.  

The sinuosity index SI, a measure of the straightness or crookedness of a path or 

polyline, is given as the ratio 

 𝑆𝐼 =
𝐿𝐶𝑢𝑟𝑣𝑖𝑙𝑖𝑛𝑒𝑎𝑟
𝐿𝐸𝑢𝑐𝑙𝑖𝑑𝑖𝑎𝑛

, Eq. 4-5 

with the path length measured as the Euclidian and curvilinear distance between the start- and 

end-point. SI can range from one (straight line) to infinity (closed-loop polyline). Despite the 

path simplification implemented, as shown in Fig. 4-7, tool paths could be simplified/smoothed 

further using the Ramer–Douglas–Peucker algorithm, commonly known as the Douglas–

Peucker algorithm, first introduced in [510,513]. This is a recursive line simplification method, 

which has been implemented in [511] as Matlab® code. This has been employed in this work 

as it also accounts for cases in which the start- and end-point are identical (polygons). 
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Fig. 4-8: (a)/(c) Schematic illustration of a slice with a (a)/(b) concentric and a (c)/(d) grid infill (showing 45° 

path angle) together with (b)/(d) the corresponding C-FRAM and S-FRAM domains. The placement of a 

continuous fibre is limited by the minimum fibre length 𝑙𝑚𝑖𝑛 (identical in (b) and (d)), between the start and 

end-points. Reproduced and adapted from [41]. 

 

Fig. 4-9 encapsulates the method visually, highlighting the relation between the initially 

defined distance dimension 𝜗 and the furthest distance between a point on the original path and 

the new line segment 𝜇𝑚𝑎𝑥. 

 
Fig. 4-9: Depiction of the piece-wise line simplification using the Douglas-Peucker-Algorithm. Note the 

segmentation resolution is dependent on the initial distance dimension 𝜗, as it is being compared with the 

furthest distance 𝜇𝑚𝑎𝑥 of a point on the original line and the new line segment.  
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4.2.3 Case studies and implementation 

Three different case studies were investigated to examine how i) the loading scenario, 

ii) the geometry and iii) the material properties influence the DfAM-specific assessment 

indices. For this purpose, key metrics were defined, which will be the focus in the assessment 

and discussion of the results, as detailed in Tab. 4-2. Firstly, the open-hole tension case –  

commonly used in the context of fibre-placement – following the ASTM standard 

D5766/D5766M [514] was analysed. This was done to elucidate DfAM specific differences 

between different infill patterns. Secondly, the same tension specimen with multiple holes was 

chosen. This case is aimed at illustrating the influence of geometrical complexity. A topology 

optimized 3-point-bending beam example (TO-3PB) constitutes the third case study (similar to 

the specimen examined in section 3.2.1). It was analysed both numerically and experimentally, 

examining i) the effect of the degree of material anisotropy, ii) the performance considering 

multi-material prints (combined S-FRAM and C-FRAM) and iii) to compare and verify the 

methodology, respectively.  

 

Tab. 4-2: Test case matrix visualizing and summarizing the case study configuration under investigation, as 

reproduced from [41], following the terms of the Creative Commons CC-BY license. 

Case study 
I) Single Open-Hole II) Multiple Open-Hole III) TO-3PB 

Tension Flexure 

 

  
 

Aspect ratio 5.6:1 5.6:1 1:3.4 

Details 

• Hole radius: 6 mm 

• Cut-out area: 131 mm2 

• Resultant load: 1N 

 

• Hole radius: 4 mm 

• Cut-out area: 251 mm2 

• Resultant load: 1N 

 

• Volume fraction = 0.6 

• Stepped point loads: 0.5N & 

1N 

 

Key metrics 

• DfAM baseline for case 

II) 

• Comparison to 

benchmark  

• Performance considering 

multi-material prints (C-

FRAM versus S-FRAM) 

• Influence of higher 

geometrical complexity 

on DfAM in 

comparison to I) 

• Impact of material 

orthotropy on performance 

• Comparison to benchmark  

• Performance considering 

multi-material prints (C-

FRAM versus S-FRAM) 

• Experimental verification 
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4.2.3.1 Experimental details  

In an experimental investigation, the TO-3PB test case was verified. The custom FFF 

3D printer introduced in section 3.3 was utilized for fabrication with the processing parameters 

summarised in Tab. 4-3. Two samples for each infill pattern were printed. The grid infill was 

limited to the ±45° type. A displacement load (1mm/min) was applied on a 10kN Instron 

machine with a 3PB fixture equipped with loading and support pins of 5 mm diameter. 

 
Tab. 4-3: 3D-printing manufacturing parameters, as reproduced from [41], following the terms of the Creative 

Commons CC-BY license. 

Print parameter Value Print parameter Value Print parameter Value 

Feedstock material  Onyx 

[207]  
Filament diameter 1.75 mm Layer height 0.2 mm 

Nozzle temperature 280 °C Build plate temp. 70 °C Print/Moving speed 8.3/91.6 mm/s 

4.2.3.2 Simulation details 

Abaqus/CAE2018 was employed for the numerical assessment. C3D8R elements were 

used, and the principal material direction E11 was element-wise adjusted to fit the local toolpath 

direction. For the examination of the level of material orthotropy (ratio of the elastic Young’s 

moduli E11 to E22) on the mechanical performance, C-FRAM and S-FRAM properties were 

considered (see Tab. 4-4). The properties of the short and continuous fibre-reinforced feedstock 

material of Markforged Inc., as experimentally determined in [515,516], were utilized. To the 

best of the author's knowledge, data on the in-plane shear modulus G12 has yet to be determined. 

As the level of orthotropy is low for S-FRAM, the shear stiffness was obtained, assuming 

isotropic behaviour. 

 
Tab. 4-4: Material properties used for FEAs as obtained or approximated from experimental studies, as reproduced 

from [41], following the terms of the Creative Commons CC-BY license. 

Material E11 [GPa] E22 [GPa] E11/E22 G12 [GPa] 𝝊𝟏𝟐 

S-FRAM [515] 1.9 1.1 1:1.7 0.7* 0.41 

C-FRAM [516] 73.2 4.1 1:17.9 2.2 0.33 

*Note: Approximation, assuming isotropic material behaviour: G12 = E11/(2×(1+v12)). 

4.3 Results and Discussion 

4.3.1 Performance as compared to the benchmark case 

Case Study I) – The different infill patterns developed according to the method 

discussed in section 4.2.1 are visualized in Fig. 4-11(a)-(f). Fig. 4-11(g)-(j) showcase the steps 
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for establishing the benchmark performance by aligning the principal material direction with 

the principal stresses. As expected, the latter results in the highest stiffness and lowest local 

and mean stress, as shown in Fig. 4-11(k)/(l). However, it must be noted it is not limited by 

perimeter and infill constraints. In comparison, the MPS strategy yielded the highest overall 

structural performance with up to three times lower sum of strain energies and ~40% lower 

maximum stress. Comparable performance was recorded for the concentric, MAT and 0°/90° 

grid infill, while the ±45° grid pattern gave a comparatively poor result. The significantly 

higher stiffness of the 0°/90° grid infill over its ±45° counterpart stems from the 0° layer, which 

is well-aligned with the principal stresses (see Fig. 4-10). As expected, the performance-driven 

custom infill outperforms the conventional infills. Due to the simple geometry, the MAT infill 

could not excel, but further insights on this will be discussed in section 4.3.3, in which a more 

complex variation of the case is investigated.  

 
Fig. 4-10: Depiction of the favourable alignment between the 0° grid layer toolpaths and the principal stress 

trajectories exemplified by a section of the open-hole specimen. 

0° grid layer

Principal stress trajectories
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Fig. 4-11: Visualization of the infill patterns of the (a) grid infill (0°/90° variant displayed), (b) the concentric, 

(d) the MAT, and (e) the MPS infill patterns for open-hole cases (split view). Close-ups of the (c) concentric 

and (f) MPS strategies. (g) In-plane stresses of the single open-hole case study, including (h) a close-up of the 

principal stress trajectories and (i) the corresponding alignment of the principal material orientation to obtain 

the (j) benchmark performance (showing strain energy distribution). (k) Sum of strain energies and (l) 

maximum stress between the benchmark sample and the different infills, considering C-FRAM. Reproduced 

from [41], following the terms of the Creative Commons CC-BY license. 
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4.3.2 The influence of fibre angle deviation  

The element-wise agreement between the printed print path orientation and the 

theoretically ideal material orientation for case studies I/II) are displayed in Fig. 4-12(a)-(d). 

The grid infill patterns observed the lowest adherence to the stress trajectories with just over 

50%. However, they showed a more homogeneous distribution and a better agreement at the 

critical regions around the holes and at the edges where the load is applied. Here, a pronounced 

edge effect due to 90° misaligned paths was noted for the remaining infills. The best agreement 

with 85-92% was recorded for the MPS strategy reflecting the excellent performance, as shown 

in Fig. 4-11(k)/(l). No improvement over the generic concentric infill was found for the MAT-

based infill, which is attributed to the simple geometry, resulting in small differences between 

the toolpaths. With increased geometric complexity, i.e. irregular shapes with varying feature 

sizes (compare Fig. 4-4(c)/(e)), those patterns become more dissimilar.  

 
Fig. 4-12: (a)-(d) Percentage agreement between the element-wise orientation of the toolpath and the 

benchmark stress trajectories in the (a) grid infill (±45° variant displayed), (b) the concentric, (c) the MAT, and 

(d) the MPS infill patterns for the open hole test cases. Note the two different grid layups have comparable 

agreements. (e) Schematic of the printer head, showing the alignment of the fibres with the printing direction, 

constituting the principal material direction. (f)/(g) Polar plots highlighting the elastic constants E11 and E22 in 

a global coordinate system concerning the loading direction as a function of the (f) fibre direction and layup as 

well as (g) the degree of material orthotropy (C-FRAM versus S-FRAM). Reproduced from [41], following the 

terms of the Creative Commons CC-BY license. 

 

Building upon section 4.1.2.1,  the stiffness in a global coordinate system as a function 

of fibre orientation and material orthotropy can be determined, as shown in Fig. 4-12(f)/(g). 

This is simply considering each element with a specific print path orientation as a lamina. This 

Load

Print head 

movement in

x-direction 

xy

z

E11

E22

(f) (g) Load(e)
Load

53.6% 54.1% 83.6% 72.1% 80.9% 71.6% 91.8% 84.5%(a) (b) (d)(c)

GoodBad Angle agreement

C-FRAM S-FRAM
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highlights that aligning E11 parallel to the loading direction (locally principal stress) is crucial 

for achieving the maximum stiffness. For the grid patterns, the variation in stiffness is lower 

(less susceptibility to the reduction in stiffness), as the fibre orientation through the thickness 

is rotated by 90°. Note that Fig. 4-12(f) is thus considering the different orientations in the two 

layers. Fig. 4-12(g) elucidates how a higher level of orthotropy leads to a more significant 

decrease in stiffness for misaligned fibres, which has substantial implications for FRAM, as 

will be discussed in section 4.3.4. 

Recalling different performances of the grid infills Fig. 4-11(k)/(l), it becomes evident 

that comparing the general agreement of the paths (average fibre angle between the two layers) 

with principal stresses (see Fig. 4-12) is inconclusive. Thus, the stiffness-alignment index was 

introduced, combining the global sensitivity to misalignment with the local stress intensity. 

This is aimed at better estimating the performance of an infill (see Fig. 4-13). 

 
Fig. 4-13: Fibre angle sensitivity analysis of the benchmark solution for vase study I) and derivation of the 

stiffness-alignment performance index. (a) Element-wise rotation scheme of fibre angles in clock- and anti-

clockwise direction to preserve symmetry, yielding the (b) sum of global strain energies and maximum local 

stress as a function of the angle deviation, including the strain energy distribution and (c) the corresponding 

polynomial fits for the normalized performances 𝑃𝐼(𝜃). (d) Penalization factor (p=3) used to adjust the 

elemental score before determining the (e) average performance index PI. Reproduced from [41], following 

the terms of the Creative Commons CC-BY license. 
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For this purpose, the sensitivity of the performance to fibre angle deviation was 

examined, as detailed in section 4.2.2.1. Under consideration of symmetry, strain energy and 

stress performance curves were obtained (see Fig. 4-13(c)). Subsequent penalization based on 

the elemental stress intensity and averaging of element scores yields the stiffness-alignment 

index PI. Its efficacy in estimating the mechanical performance will be discussed in the 

following two sections.  

4.3.3 The influence of the geometrical complexity on the assessment indices  

The achieved scores in each DfAM factor were summarised in Fig. 4-15. With each 

factor being discussed individually based on the key metrics stated in Tab. 4-2 before 

highlighting dependencies between them. Overall, the analyses aimed to provide better design 

choices based on a given objective (e.g. lowest sinuosity index is prioritized).  

Economy – As the concentric infill showed the lowest CPU and print time, it was 

deemed the most cost-efficient strategy. Due to the additional FEA step for MPS, the highest 

computational time was recorded, but only by ~ 10% compared to the concentric option. A 

~25% greater print time was determined for the ±45° grid infill compared to the concentric 

infill. This can be explained by the excessive print head movements, as each path was 

realized/defined discretely rather than in a continuous and/or meandering fashion. An 

implementation following Fig. 4-7(h) would have reduced the time. Due to the toolpath 

simplification steps (compare section 4.2.1.2), the MAT and MPS infills potentially required 

more iterative loops to define the paths explicitly, causing a generally high CPU time. Between 

cases I) and II) MAT improves comparatively well in CPU, as the strategy easily captures the 

essential features despite the greater geometrical complexity.  

Performance – The lowest sum of strain energies and maximum stress (highest stiffness 

and potentially highest strength) was determined for MPS. The second-highest performance 

was across both cases recorded for the 0°/90° grid infill. This can be explained by the 0° layer, 

representing an almost ideal alignment for this test case. For case I), the concentric infill scored 

equally well for the DfAM factor performance as the 0°/90° grid infill. Interestingly for case 

II) the MAT infill performed equally well as the concentric pattern, seemingly managing the 

more complex geometry better. Important to note is that infinitely small strains were recorded 

in some elements in case II) for the concentric pattern, contributing little to the load-bearing 

capability and thus indicate an inefficient pattern (see Fig. 4-14(c)).  
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Except for the grid infills, considerable edge-effects (peak strain energy) were 

determined at the nodes where the load was applied (see Fig. 4-14). This stems from numerous 

toolpaths aligned orthogonal to the loading direction in the vicinity of the loading edges for 

both the concentric and custom patterns, causing high strain energies. However, the highest 

sum of strain energies was found in the elements at the perimeters for both test cases with the 

±45° grid infill. The 0°/90° grid infill displayed high-stress regions additionally around the 

holes. Due to the contrarily aligned fibres in the latter, the mean and standard deviation of the 

local stresses was highest. This shifts the focus more towards the interlaminar strength and 

consequently manufacturing as key to achieve this performance. Therefore, it is assumed that 

the performance of the 0°/90° grid infill is overestimated, as this has not been considered in the 

FEA. Contrarily, the concentric and both custom patterns achieved low mean stresses in the 

local area. MPS recorded a significantly lower maximum stress compared to the ±45° grid 

pattern, which is assumed to stem from the better alignment reducing excessive shear stresses. 

An exceptionally high ratio between the maximum and average local stress was noted for the 

concentric infill, resonating with the lack of homogeneity as shown in Fig. 4-12. Therefore, a 

balance between an overall homogeneous and yet well-aligned pattern should be favoured. 

It was found that the stiffness-alignment index, introduced in section 4.2.2.1, constitutes 

a reasonable estimate for the DfAM factor performance (see Fig. 4-15). An exception was the 

0°/90° grid infill. Here, only the 0° paths contribute to the stiffness, while the second layer does 

not, thus skewing the result. Consequently, the index works better for cases where the 

difference between fibre angles is not extreme. 

 
Fig. 4-14: Strain energy distribution of the single and multiple open-hole case studies (split-view) for the (a) 

±45° grid, (b) 0°/90° grid, (c) concentric, (d) MAT and e) MPS infill strategy. Note: Strain energy scale is not 

universal. Instead, the bounds in each test case are adjusted for best visualization. Reproduced from [41], 

following the terms of the Creative Commons CC-BY license. 

 

Manufacturability – The concentric pattern delivered consistently good scores 

regarding the percentage of path lengths above 40 mm. The grid infills outperformed in terms 
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of the sinuosity index. Both factors are considered vital for a good result when printing with 

continuous fibres. The MAT and MPS patterns achieved a good compromise between those, 

making them most suitable for C-FRAM. For the SI index, a difference in scores of only ~20% 

was observed. In contrast, a more significant variation was found in terms of minimum fibre 

length, virtually rendering the ±45° grid pattern inapplicable for C-FRAM. This stems from 

the scale of the part relative to the minimum fibre length, as illustrated in in Fig. 4-8(d). 

 
Fig. 4-15: Normalized performance indices of different DfAM factors for the (a) single and (b) multiple hole 

case studies subject to the five different infill patterns. Reproduced from [41], following the terms of the 

Creative Commons CC-BY license. 

 

DfAM interdependencies – The relation between the DfAM factors economy and 

manufacturability was confirmed for the print time and path length. Here, good performances 

for both the concentric and MPS infills were noted. This stemmed from the continuity in which 

layers were printed, avoiding excessive extrusion-free tool movements, which would increase 

the required time. Consequently, they are considered most suitable for C-FRAM use from a 

fabrication standpoint and potentially from a performance point of view as a high fibre volume 

fraction can be realized (see section 4.2.2.3). In summary, Fig. 4-15 highlighted that the 

concentric and MAT patterns should be favoured for a good balance across all categories. If 

purely structural performance is the priority, the MPS strategy yields the best results. It is 

known that excessive fibre undulation impairs the structural performance of fibre-reinforced 

composites generally [499–501] and for AM-parts as it results in higher porosity. Thus, the 

relation between the SI index and performance is of importance. The effect of that was not 

captured in this work but is of particular significance to C-FRAM. Hence, the infills with high 
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SI values, like the concentric infill, might lower the structural performance of the as-printed 

part.  

4.3.4 The influence of material orthotropy (C-FRAM versus S-FRAM) 

Fig. 4-17 summarises the DfAM factors, assuming either C-FRAM or S-FRAM 

properties and the associated custom infill patterns for tests case III) are depicted in Fig. 

4-16(a)-(d). From the latter, it can be observed that the MAT and MPS infills efficiently 

represent all features in the slice geometry and therefore ensure a continuous fibre-

reinforcement is guaranteed.  

 
Fig. 4-16: Visualization of (a) MAT and (c) MPS infill patterns employed for the TO-3PB test case. (b) Close-

up of the MAT infill pattern. (d) A shear stress diagram and the main principal stresses highlight the guiding 

print paths used for the MPS strategy. Reproduced from [41], following the terms of the Creative Commons 

CC-BY license. 

 

High strain energies were observed at the loading point and in the shell region for the 

grid infills, assuming C-FRAM properties. The remaining infills displayed additionally high 

strains at the recess close to the support points (Fig. 4-18). However, as the MPS strategy 

showed a lower sum of strain energies, the stress intensity is lower as compared to the grid 

infills. Overall, the performance indices suggest the highest stiffness and strength for MPS 

using C-FRAM, followed by the concentric and MAT infills. Considering S-FRAM properties, 

strain energy distributions became almost indistinguishable (the sum of strain energies and 

maximum stress varying less across the infills, as illustrated in see Fig. 4-17(b)). Generally, it 

was found that the MAT and concentric infill strategies - analogue to the open-hole case study 
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- achieved a good compromise between the DfAM factors. It is of note that that this is due to 

the relatively simple slice geometries. The MAT infill is expected to excel for even more 

complex design with multiple boundaries and varying feature sizes because it ensures those 

will be reinforced (internal fibre path is prioritised). In contrast, a concentric infill is likely to 

leave those unreinforced as the perimeter offset paths are prioritised (approach whereby paths 

are created from the outside to the inside), resulting in a higher probability of shorter paths 

(below minimum fibre length) accumulating in the vicinity of those narrow features (recall Fig. 

3-8(j)). 

Furthermore, it was noted that the stiffness-alignment index is a suitable means of 

estimating the performance (sum of strain energies) for C-FRAM (see Fig. 4-15 and Fig. 

4-16(a)). On the contrary, the above findings highlight that it is unsuitable when used with 

material properties with a low level of orthotropy (compare Fig. 4-16(b)/(c)). A similar ranking 

was achieved concerning the maximum stress, i.e. the strength of the part till yield. Fig. 4-16(f) 

elucidated a significantly higher susceptibility for the high-performance feedstock material 

(performance drop ~90% as opposed to ~40% for S-FRAM) for the sensitivity analysis in terms 

of fibre angle deviation from the benchmark case. 

 
Fig. 4-17: Normalized indices of different DfAM factors for case study III) considering a fibre-reinforced 

material with a (a) high (C-FRAM) and (b) low (S-FRAM) level of orthotropy subject to the five different infill 

patterns. Reproduced from [41], following the terms of the Creative Commons CC-BY license. 

 

Finally, these findings emphasize that for C-FRAM, adequate control over the principal 

material direction is critical, making is it pivotal to tailor the tool paths. Therefore, slicing 

software for C-FRAM must expand the infill capabilities of traditional slicers. This means a 

necessity for incorporating custom/adaptive strategies was identified to exploit the potential of 
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high stiffness fibres. More significant performance gains can be expected, considering printed 

builds are often composed of hundreds of layers, whereas this work has only scrutinized a 

single slice. 

Multi-material printing – Up till now, this study was concerned with single-material 

prints, mainly for continuous fibres. However, parts can practically not be printed entirely from 

C-FRAM due to the hardware-specific minimum fibre length (recall Fig. 3-11). Consequently, 

it was assumed that the performance was likely overestimated. Moreover, no conclusion on the 

dependency between manufacturability and stiffness/maximum stress could be drawn. Thus, 

cases I) and III) are studied again under consideration of co-extrusion with C-FRAM and S-

FRAM. In pursuit of maximum structural performance, the former is naturally prioritized (see 

Fig. 4-19). The highest sum of strain energies and stress was recorded for the ±45° grid infill. 

For case I) a significantly higher stiffness was determined for the remaining infills. 

 
Fig. 4-18: Strain energy distribution of the case study III) considering either C-FRAM or S-FRAM properties 

(split-view) for the (a) ±45° grid, (b) 0°/90° grid, (c) concentric, (d) MAT and e) MPS infill strategy. Note: The 

strain energy scale is not universal; instead, the bounds in each test case are adjusted for best visualization. (f) 

Normalized performance index a function of fibre angle deviation from principal stresses. Reproduced from 

[41], following the terms of the Creative Commons CC-BY license. 
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Regarding stiffness, the concentric, MAT and MPS infills outperform both grid variants 

in case III). As shown in Fig. 4-19 the 0/90° infill can only partially be printed using C-FRAM, 

thus revealing only minimal improvements over its counterpart in case III). The concentric and 

MPS infills showcased the highest reduction in stress by almost 50% and 40% for tests case I) 

and III), respectively. 

Ultimately, the above findings constitute proof of the interdependency between 

manufacturability with C-FRAM and performance, as the concentric and MPS infill showed 

the highest percentage of fibres with sufficient length indeed (see Fig. 4-17). Thus, the positive 

correlation has been proven and should be considered in design for C-FRAM.  

  
(a) (b) 

Fig. 4-19: Bar plots comparing the sum of strain energies and maximum stress for the multi-material prints of 

test cases (a) Open-Hole and (b) TO-3PB, including individual images highlighting the area where CFR is 

placed based on the minimum fibre path and the remaining areas where SFR material was used. Reproduced 

from [41], following the terms of the Creative Commons CC-BY license. 

4.3.5 Experimental verification of DfAM factor performance 

To validate the numerical results of case study III), extruded versions of the 2D 

topology were printed using S-FRAM (50 layers at 0.2 mm thickness each). The grid infill was 

hereby limited to the ±45° variant. Stiffness and ultimate strength were directly deduced from 

the load-displacement data, as shown in Fig. 4-20. It was determined that the MAT infill has 

the highest stiffness and ultimate strength, whereas for the MPS infill the lowest performance 

was recorded. Fairly high variability in performance was noted in the grid infill. 
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Stiffness and strength differed by ~20% and ~15%, respectively, whereas only a 10% 

difference in stiffness and an equal strength was determined numerically (compare Fig. 

4-17(b)). The numerical study considered continuum solids and thus represented a simplified 

replication of reality. Despite that, the results are in good accordance. The good performance 

of MAT might stem from the high angle agreement in combination with a reasonably good 

score for fibre undulation, i.e. sinuosity index (promotes low porosity). An aspect of 

manufacturability not considered in this work are the inter-bead and inter-layer bonding 

(determined by the degree of solidification, i.e. the duration for an adjacent path/layer to be 

printed), which might have also affected the performance. In addition, less favourable infill 

patterns and stacking sequences could be revealed when scrutinizing interlaminar shear 

stresses. 

The macroscopic fractography images of Fig. 4-21 displays showcased that except for 

one MAT coupon, all specimens failed abruptly/catastrophically, primarily at recess close to 

the support point. Here, the strain energy was previously identified as high (compare Fig. 

4-18(a)-(e)). The central failure of both concentric specimens between the loading and support 

pins can possibly be attributed to the greatest number of paths orientated 90° to the loading 

direction in the vicinity of the loading point. 

 
Fig. 4-20: (a)-(d) Printed short fibre-reinforced 3PB test specimens with (a) MAT, (b) concentric, (c) ±45° grid, 

and (d) MPS infill. (e) Load-displacement curves and corresponding bar plots for (f) the stiffness and (g) the 

ultimate bending strength. Reproduced from [41], following the terms of the Creative Commons CC-BY 

license. 

 

Compared to the fractured TO-3PB specimens manufactured with SFR as investigated 

in section Fig. 3-7, the prime crack initiation point was identical. While the load-displacement 
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curves of the grid specimen and the corresponding SFRTO (printed in a ±45° pattern) were 

similar, the crack paths look different. The specimen printed with a grid pattern showed both a 

central and a kinked fracture path, whereas the SFRTO specimen displayed a clean crack at a 

45° angle. However, a quantitative comparison is difficult, as the specimen’s sizes, topologies, 

and process parameters were different.  

 
Fig. 4-21: Macroscopic fractography of the TO-3PB specimens, as reproduced from [41], following the terms 

of the Creative Commons CC-BY license. 

 

4.4 Conclusions 

In this work, two conventional infill patterns, namely grid and concentric, were 

compared with two novel custom strategies termed MAT (derived from medial axis 

transformation) and MPS (derived from dominant principal stress trajectory) with regard to 

DfAM factors and under consideration of FRAM. Specifically, the patterns were investigated 

in terms of their i) Performance, ii) Economy and iii) Manufacturability. In total, six related 

assessment indices elucidated the mechanical (sum of strain energies and maximum stress), 

economical (CPU time and print time) and processing-related (path lengths and sinuosity 

index) performance subject to short and continuous fibre-reinforced AM (S/C-FRAM). The 

study encompassed a mainly numerical investigation accompanied by an experimental 

verification. Aligning the principal material properties with the principal stress trajectories 

served as benchmark performance. Its sensitivity to fibre angle deviation was examined. A 

stiffness-alignment index was derived, serving as a good estimator for the stiffness and strength 

of infill patterns considering C-FRAM. In summary, the following conclusions were drawn: 

• Regarding minimum print time and a high percentage of toolpaths greater than the 

hardware-specific minimum fibre length (guaranteeing the use of continuous fibres), the 

concentric infill is favourable, as opposed to the grid infills. Nevertheless, the latter ensured 

low fibre undulation, which is critical for C-FRAM manufacturability and low porosity 

prints.  MAT and MPS were identified as particularly promising, combining low print time, 

high path length and low sinuosity. The findings on the last two criteria, which have not 
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yet been assessed in the literature, are important for comparing how suitable infill strategies 

for C-FRAM are and provide new perspectives/insights on DfAM with FRAM. 

• The MPS strategy yielded the highest stiffness and potentially highest strength for parts 

printed with C-FRAM (i.e. generally low strain energies and stresses). The lower the degree 

of material orthotropy (S-FRAM), the more indistinguishable the performance became. 

This was verified in an experimental investigation. This is of significance when choosing 

a slicing software, as custom path strategies should be favoured when planning the print 

process for C-FRAM, while conventional slicers and infills are sufficient for S-FRAM. 

• A stiffness-alignment performance index based on a fibre angle sensitivity analysis 

constituted a good estimator for the performance for C-FRAM but less for S-FRAM. The 

positive correlation between a high percentage of sufficiently long paths (high fibre volume 

fraction based on C-FRAM) and increased stiffness and low maximum stress was 

determined considering a co-extrusion of short and continuous fibres. Here it was observed 

that that particularly grid infills underperform compared to the concentric and MPS infills. 

These findings serve as an important impulse and reason for implementing tools into slicers 

that allow for a prediction of the structural performance that can be anticipated based on a 

selected infill strategy.  

• A greater dependency of the case study (loading scenario) on the DfAM score was observed 

for the conventional infills. Thus, more adaptive infills are expedient, and an automated 

and simulation-assisted slicer outputting toolpath strategies on a case-by-case and on a 

slice-by-slice basis is recommended. 

 The geometry-driven MAT and stress-driven MPS patterns were identified as suitable 

options for FRAM. In light of the shortcoming observed in chapter 3.2.2.4, the former was an 

efficient and easy to implement strategy to overcome those. To exploit the material orthotropy 

efficiently, the MPS-derived infill yielded higher structural performance than the conventional 

patterns. The qualitatively exhibited limitations of commercial slicers for FRAM today (recall 

section 3.2) have been underpinned quantitatively, and improved toolpath strategies have been 

demonstrated successfully. In the context of the idealised case study introduced at the 

beginning (recall section 2.5.2), methods for efficiently placing fibre-reinforced feedstock 

material for AM into complex geometries were presented. Furthermore, the performance gains 

have proven that the promise for the potential of AM can indeed be put into practice. 

After scrutinising one of the two critical lightweighting strategies in DfAM with FRAM 

(recall sections 1.1 and 2.5), namely the manipulation of the material with control over process-
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planning, chapters 5-7 address the second strategy that deals with the manipulation of the 

geometry. Specifically, it elucidates the performance of fibre-reinforced functionally graded 

lattices and demonstrates approaches for predicting their behaviour through simulation. 

 

 



 Fibre-Reinforced Functionally Graded Lattices 

- 114 - 

 

Chapter 5 Fibre-Reinforced Functionally Graded 

Lattices 

5.1 Introduction 

5.1.1 DfAM with functionally graded lattices 

FGLs provide the opportunity to locally tailor the properties, thus providing scope for 

weight reduction. Lattices have found utility in multi-physics applications, e.g. heat dissipation 

during manufacturing and in-service (high surface area) and fluid flow control. For both 

structural and multi-physics applications, knowledge on the effect of grading the relative 

density and the unit cell size on the structural performance of different lattice types constitutes 

the basis for a broader application of this lightweighting feature. Recalling section 2.5, 

fundamental experimental research on these topics represents a cornerstone for exploiting this 

potential and realising the promise of AM and ultimately the idealised case study. 

After having elaborated in the literature review (recall section 2.4.3) on the variety of 

architected structures with particular focus on the design of tessellated lattices with, e.g. 

spatially uniform versus graded densities, this chapter shall focus on the experimental 

investigation into FGLs, providing insights into how specific tuning parameters (density 

gradient ∆𝜌, cell size, cell type, print material, etc.) affect the performance and establishing 

data sets that provide a basis for deriving analytical models and calibrate numerical models. In 

summary, this aids moving from a more expertise-driven implementation to date to a more 

mathematically-driven approach in the future (recall DfAM framework of Fig. 2-4). 

5.1.2 Background experimental testing of FGLs 

Most research on cellular solids or foam is conducted in compression, utilising cubic 

or cylindrical test specimens (recall section 2.4.4.1). Initially, studies were conducted on step-

wise graded lattices [359], whereas with the introduction of TPMS, continuous grading has 

become more popular. While there is no standard for the number of unit cells per edge length, 

a minimum number of unit cells is required to avoid edge effects and ensure convergence of 

the stiffness, as shown by Maskery et al. [308]. The performance under quasi-static 

compression was compared between uniform and graded lattices composed, e.g. graded strut- 

[359,384,398,406,407,409] or TPMS-based lattices [387,408,411,415], concluding improved 
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energy absorption capability [359,406–409] of the graded over the ungraded lattices of the 

same relative density �̅� = 𝜌∗/𝜌𝑆 (the density of the foam divided by that of the base material). 

However, it was found that more energy is absorbed in spatially uniform density lattices if the 

strains are small [406,407]. The findings are increasingly being compared and contrasted with 

scaling laws of other conventional foams [358,359,415]. Regarding the evaluation of e.g. the 

effective stiffness of FGLs, studies have made use of the Voigt model [413,415,416], however 

the assumption of a continuous change in stiffness as a function of the direction of grading 

(DoG), as proposed in [308], is likely more accurate for truly linearly graded specimens. 

Bates et al. [398] investigated the quasi-static, cyclic and dynamic compression 

behaviour of discrete and continuously graded honeycomb structures, suggesting not only 

higher energy absorption due to a higher densification strain in the FGLs but also highlighting 

the potential application for impact protection. Comparing the structural response under static 

compression, Yu et al. [387] found that while the UDLs composed of Schwarz-P and Gyroid 

lattices exhibited shear-band failure, the lattices with a linearly changing wall thickness 

collapsed sequentially and deformed gradually. The latter was additionally accompanied by 

‘inconspicuous cracks’. Qualitative failure analyses have also been conducted in most studies, 

noting that FGLs fail progressively, often exhibiting 45° shear band failure [407,411,412] in 

rigid polymers or metal specimens. In this context, microstructural analyses of metallic FGLs, 

including detailed SEM and CT-scans, are commonly conducted [358,407,415], also shedding 

light on manufacturing defects. In [413], the failure of FGLs tested transverse to the density 

gradient has been investigated, showcasing a similar behaviour as in UDLs and even higher 

stiffness and strength compared to specimens tested parallel to the DoG. Recently, radially 

graded lattices have been investigated [414], showing their potential to outperform UDLs in 

mechanical performance and permeability [394].  

Further insights into the effect of, e.g., 1) Severity of grading, 2) Strut- versus surface-

based lattices, 3) Print materials, 4) Build orientation, et cetera, on the overall performance are 

yet required.  

5.2 Methodology 

The methodology of this part of the work is comprised of a design-to-print workflow, 

encompassing the following:  
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1. Implicit modelling of the TPMS structures, using the in-house software LatTess 

(Lattice Tessellation). 

2. Slicing and printing of lattices, using the commercial closed-source software Eiger 

and FFF MarkTwo from Markforged®. 

3. Mechanical testing in quasi-static compression, including in-situ digital image 

correlation (DIC) for analytical purposes (see Fig. 5-1).  

Strut-and surface-based unit cells, in particular the Body Centred Cubic (BCC) as well 

as Schwarz-P (SP) and Gyroid (GY) cells, respectively, were considered in this study. Lattices 

with an edge length of 30 mm, composed of short carbon fibre-reinforced nylon - known as 

Onyx from Markfoged® were fabricated (see material data sheet in Appendix F). 

 
Fig. 5-1: Design-slice-print-test workflow used to investigate UDLs and FGLs, including the software and 

hardware providers used. Reproduced from [310] with permission from Elsevier. 

 

The workflow presented in Fig. 5-1 had to be tuned to match the hardware capabilities 

to answer the primary research question. This meant that structures had to be self-supporting 

as the support material, also consisting of Onyx, is challenging to remove from such porous 

structures. Moreover, the minimum feature size of 0.4 mm had to be adhered to. Aimed at 

achieving a compromise between part size (i.e. print time) and severity of grading while 

keeping the lattice dimensions constant across the two grading strategies, a test matrix was 

established (see Tab. 5-1). This is based on previous works [308,359] and avoids an edge-effect 

driven by the number of cells per edge length. 
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The rationale for choosing a short over continuous fibre-reinforcement stems from both 

the physical and geometrical limitations, coupled with manufacturing/process-planning 

constraints. These limit the controlled and effective integration of continuous fibres. 

Particularly the lack of geometrical continuity within most slices, especially in the strut-based 

BCC lattices, prevents fibre continuity throughout the cross-section (this is also the case for 

most slices in SP lattice as shown in Fig. 5-1 by means of the 3×3×3 configuration). 

Consequently, a reinforcement would only be possible selectively rather than continuously 

between the two opposing surfaces, which would thus neither contribute significantly nor 

effectively to the load-bearing capability. In fact, this geometrical continuity is generally only 

achievable for high-density lattices and only for a few slices of the BCC, SP and GY lattices 

(subset tested in this work). As a result, different lattice types of equal relative density and even 

the same lattices of different relative densities cannot be compared because the fibre content 

will vary considerably (also, variation of fibre content through the thickness of individual 

specimens).  

Moreover, the reinforcement of the lattices is only guaranteed if the physical size of the 

specimens is large enough (recall min. printable fibre length of 40 mm). In fact, considering a 

typical edge length of compression specimens of 30-40 mm, no continuous fibre could be 

integrated for the three lattice types using the MarkTwo printer and relative densities below 

0.8. As mentioned in chapters 3-4, Markforged’s proprietary slicing software offers only a 

‘concentric’ and an ‘isotropic’ (default layup of [0°/45°/90°]S) infill pattern for continuous 

fibre feedstock, which further limits the integration of fibres or specific reinforcement 

orientations (‘isotropic’ infill) even when scaling up the lattice dimensions.  

As a result, C-FRAM does not lend itself to investigating the effect of grading severity, 

cell type and relative density of lattices, as fibre placement and volume fraction cannot be 

controlled. The most critical aspect in this context is the lack of geometrical continuity. 

5.2.1 Geometric modelling of strut- and surface-based lattices 

The two key functionalities of the LatTess software - namely continuous density 

grading and morphing of dissimilar unit cell types and sizes - has been implemented by Panesar 

and co-workers [52,72], whereby the hybridisation approach from Yang et al. [311] was 

adopted. This tool has been implemented in Matlab® (see Appendix K) and served to create 
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density and unit cell size graded FGLs in this part of the work (output file STL). The direction 

of grading (DoG) has been defined in the z-direction (compare Fig. 5-5). 

5.2.1.1 Density graded lattices (DGLs) 

The SP and BCC lattices were continuously and linearly graded along the z-direction 

between two opposing surfaces, as shown in Fig. 5-2, where the gradient is defined by the 

maximum 𝜌𝑚𝑎𝑥 and minimum 𝜌𝑚𝑖𝑛 local density at those surfaces.  

 
Fig. 5-2: Isometric and front view of a (a) SP and (b) BCC lattice with a linear density gradient in the z-

direction. Reproduced from [310] with permission from Elsevier. 

5.2.1.2 Unit cell size graded lattices (CSGLs)  

Like the DGLs, the unit cell size of the SP and GY lattices have been continuously 

graded along the DoG. Here, the height of the specimens was subdivided into three equally 

sized domains, each being assigned a unit cell size count, starting with a fixed 3×3×1 unit cell 

base layer (unit cells edge length of 10 mm). Fig. 5-3 showcases the two most severely graded 

variants of the CSGLs with hybridisation of three to six to nine UCs in each sub-domain. The 

transition slope (see Appendix M) was kept constant across all specimens.  

 
Fig. 5-3: Isometric and front view of a (a) SP and (b) BCC lattice with a unit cell size gradient in the z-direction. 

Reproduced from [310] with permission from Elsevier. 
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5.2.2 Test case matrix 

Tab. 5-1 summarises the test case matrix for the presented work. Uniform, i.e. ungraded 

lattices (UDLs – uniform density lattices) served as a baseline for assessing the effect of 

grading. Thus, a range of lattices with different �̅� were tested to derive trends and scaling laws 

as presented in the seminal work of Ashby and Gibson [284].  

Tab. 5-1: Test case matrix summarising the number of specimens tested for each configuration concerning the 

tessellations, relative density 𝜌, and unit cell size gradient (∆𝜌 and ∆𝑈𝐶), and test direction. Reproduced from 

[310] with permission from Elsevier. 

 Ungraded  Graded (FGLs) 

UDL DGL CSGL 

   

Tessellation 6x6x6 6x6x6 Constant base: 3x3 

Relative density �̅�   0.2    0.35    0.5    0.65   0.8 0.5  0.5  

Gradients  

∆𝝆 & ∆𝑼𝑪 
n.a. 

∆𝜌𝑙 ∆𝜌𝑙𝑚  ∆𝜌𝑚 ∆𝜌𝑚ℎ ∆𝜌ℎ ∆𝑈𝐶𝑙 ∆𝑈𝐶𝑚 ∆𝑈𝐶ℎ 

0.6 

- 

0.4 

0.65 

- 

0.35 

0.7 

- 

0.3 

0.75 

- 

0.25 

0.8 

- 

0.2 

3-4-5 3-5-7 3-6-9 

No. of tests 
P 2 2 2 2 2 2 2 2 2 2 2 2 2 

T 2 2 2 2 2 2 2 2 2 2 / / / 

Note: “P” and “T” refer to the number of tests conducted parallel and transverse to the build direction. 

 

Subsequently, BCC and SP lattices with five different severities of density grading (∆𝜌) 

have been investigated while the relative density was kept constant at �̅�  = 0.5 across all 

samples to precisely investigate its effect on the mechanical performance while ensuring 

comparability between the graded variants. Lastly, the SP and GY lattices with three different 

unit cell size gradients (∆𝑈𝐶) and �̅�  = 0.5, were investigated. For both DGLs and CSGLs, the 

grading severity was broadly categorised into ‘low’, ‘medium’ and ‘high’ (compare Tab. 5-1 

and the nomenclature on page XXVII). Additionally, the effect of build orientation (BO) was 

investigated, whereby specimens were either printed and tested parallel or transverse to the 

BO. However, the loading direction was always parallel to the DoG (z-direction), as shown in 

Fig. 5-5. This ensures axisymmetric loading (and support), so that the top and bottom faces 

take the same load, which is crucial in deducing meaningful lattice properties (e.g. effective 
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stiffness, Poisson’s ratio, etc.) and for informing an FE model (see next chapters 6 and 7). 

Moreover, it represents also the most practical test to conduct compared to any 

asymmetric/multi-axis (compression) tests in which the load does not act parallel to the DoG 

(and thus in the direction in which the stiffness changes). For such tests, more caution must be 

taken regarding the set-up, as, e.g. slippage and tilting of the loading head induced by the 

varying stiffness transverse to the loading direction is more likely. By testing the specimens 

with load parallel to the DoG (axisymmetric), a first set of material properties for FGLs is 

established, which also has a typical/real-world application in sandwich structure, as introduced 

in the idealised case study. These are found in the flooring panels of aircrafts [517] and 

automobiles [518]. Here only a load parallel to the DoG makes sense to cushion loads 

progressively, as opposed to transverse to the DoG, in which case the resistance to load and 

damping characteristics would primarily be governed by the column of unit cells with the 

highest density.  

 
Fig. 5-4: Schematic illustration of how the direction of grading (DoG), the build orientation (BO), and 

compression force (F) are related in the (a) ‘parallel’ (and (b) ‘transverse’ test cases. 

 

In this context, an important issue to mention is the edge effect in cellular solids 

stemming from the unit cell count per edge length. Convergence studies have previously been 

conducted [308,360], determining the minimum cell count per edge length to match the upper 

bound e.g. the modulus. It was found that between ac3×3×3 and a 4×4×4 lattice, the 

discrepancy in stiffness is 1% and 0.2%, respectively, compared to the asymptote modulus of 

an infinite array [308,360]. This substantiates negligible influence for the cell size graded 

lattices tested in this work (bottom layer composed of 9 UCs).  
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Fig. 5-5 displays a selection of the as-printed short carbon fibre-reinforced specimens 

for the two grading strategies. These are self-supporting structures and geometrically well-

defined, meaning under consideration of the minimum feature size, even the cells with the 

minimum edge length and the lowest densities were resolved accurately.  

 
Fig. 5-5: Fabricated lattice specimens with unit cell (a) density grading and (b) cell size grading. Reproduced 

from [310] with permission from Elsevier. 

 

5.2.3 Slicing and printing - Fabricating short fibre-reinforced lattices 

For the slicing and FFF steps, Markforged’s Eiger software [271] and MarkTwo printer 

[519] were used. Material properties of the printed filament were obtained from the 

manufacturer [520]. 

The error in 𝜌∗ between the model and the printed part, stems from multiple sources. 

The transformation from a voxel lattice model to a triangulated STL file naturally results in an 

error in geometrical accuracy (deviation between the target and numerical value). Likewise, 

the underlying G-code - defining the infill pattern and hatch spacing - governs the infill density, 

i.e. the inter-bead and intra-bead porosity are also possible sources for the error in 𝜌∗. As Eiger 

is a cloud-based slicing software, offering no capabilities to control or tune the STL resolution 

to better capture the modelled structure or the extrusion value in-situ to improve fill density, 

density values of the as-printed parts had to be assessed and compared. The remainder of the 

work will utilise as-designed (theoretical) �̅� for labelling. All calculations are based on the true 

i.e. as-calculated value for the relative density (see Appendix D for density of print material).   
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Fig. 5-6: Design-print-test workflow. (a)/(b) Design of uniform (left) and density graded (right) (a) BCC and 

(b) SP lattices composed of an array of 6×6×6 UCs. (c) Slicing and (d) printing steps with short fibre-reinforced 

polymer. (e) Quasi-static compression testing. Reproduced from [521]. 

 

5.2.4 Quasi-static compression  

The compression tests were conducted on a 50kN Instron 5969 machine, following the 

ASTM standard [392,522] with a set displacement-controlled strain rate of 3×10-4s-1. The load 

was measured by the low-noise resistive load cell of the tensometer. Additionally, a speckled 

pattern with a dot size of approximately 0.5mm was applied on the surfaces of the specimens 

to help interpret the deformation behaviour by using digital image correlation (DIC). For this 

purpose, a single DIC camera was employed with its optical axis perpendicular to the specimen 

surface, capturing the strains in 2D (see front view of the test set-up in Fig. 5-7). Consequently, 

it is important to note that out-of-plane effects were not captured. For post-processing the DIC 

recordings, a software provided by Imetrum was utilised. In addition, these recording aided the 

compliance calibration and the determination of the Poisson’s ratio (see Appendix N and 

compare Chapter 7).  

Additionally, a machine compliance calibration was conducted. The measured strain 

data of the tensometer was compared with the more accurate (compliance free) strain data 

recorded via DIC for increasing load. While the DIC software could not track the data points 

on the specimens at large strains, the tensometer strain had to be adjusted to compensate for 
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the difference in strain readings. For this purpose, a calibration factor k was determined from 

the stiffest test specimen (�̅� = 0.8), correcting the strain in relation to the applied force F as 

 ε𝑐𝑎𝑙(𝑡) =  휀(𝑡) −
𝐹(𝑡)

𝑘
  . Eq. 5-1 

The Appendix N provides the original and strain-calibrated data for a set of specimens.  

 
Fig. 5-7: Instron machine test set-up, illustrating the lattice specimen between the base and loading plates. The 

image shows the fontal view of which video recordings with the DIC camera were taken. Tape was applied to 

avoid reflections from the shiny metal surfaces and thus inaccuracies in the data acquisition.  

  

5.2.5 Assessment of mechanical performance - Stiffness and energy absorption capability 

Testing the five UDLs with different densities provided a relationship between elastic 

modulus and relative density for a given lattice type. The moduli were determined from the 

initial slope in the nominal stress-strain curve, i.e. the load recorded was simply divided by the 

nominal surface area. If not otherwise specified, the nominal values were reported, capturing 

the global lattice response. The following approach was used to determine the stiffness of the 

graded lattices. 

Given the compressive nominal moduli 𝐸𝑛𝑜𝑚
∗  of the UDLs, the standard scaling law 

(see Eq. 5-2) by Gibson and Ashby [284] was applied, whereby 𝜌 and 𝐸𝑛𝑜𝑚
∗ (z) are associated 

via this power-law expression  

 𝐸𝑛𝑜𝑚
∗ (𝑧) = 𝐶1(𝜌

∗(𝑧))𝑚 Eq. 5-2 

with the material constant 𝐶1 representing the geometrical features and commonly ranging from 

0.1-4.0, whereas the exponent m lies around 2 for stochastically and low-density foams [284]. 

This curve fit is required to determine the moduli of the FGLs.  

Base plate

Lattice 

specimen

Loading plate

Tape
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Fig. 5-8: A linearly graded SP lattice of edge length L composed of n different unit cells regions (highlighted 

with different colours) with continuously changing density along the z-direction. (a) Isometric and (b) cross-

section view, highlighting the nominal (global) versus the effective (local) surface area. (c) Frontal view with 

a close-up of (d) a graded and ungraded single SP unit cell of identical relative density, illustrating the 

continuity of the density grading throughout individual unit cell regions. Reproduced from [310] with 

permission from Elsevier. 

 

With the continuous and linear change in relative density ∆𝜌 along the z-axis (see Fig. 

5-8) between the maximum 𝜌𝑚𝑎𝑥 and the minimum 𝜌𝑚𝑖𝑛 relative density at the two parallel 

surfaces, every single one of the n unit cell regions in the FGLs has a different average unit cell 

density �̅�𝑈𝐶. This change in density along the edge length L can be expressed as 

 𝜌∗(𝑧) = 𝜌𝑚𝑖𝑛 + ∆𝜌 (1 −
𝑧

𝐿
)  Eq. 5-3 

As proposed in [308], the different stiffnesses of each unit cell layer can be considered 

as a spring system in series. Thus, integration of the moduli along the gradient yields the total 

nominal stiffness 𝐸𝑛𝑜𝑚
𝑡𝑜𝑡 :  

 
1

�̅�𝑛𝑜𝑚
𝑡𝑜𝑡 =

1

𝐿
∫

1

𝐸𝑛𝑜𝑚
∗ (𝑧)

𝑑𝑧 
𝐿

0

 Eq. 5-4 

The Onyx filament was deemed to have ~9% fibres per volume, but more capable print 

materials with up to 40% [216], or even continuous fibre printing would represent yet another 

means of capitalising from the design freedom offered by AM. For this purpose, the Halpin-
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Tsai model [523] was employed, predicting the ratio of the composite’s Young’s modulus Ec 

and the modulus of the matrix Em as a function of the fibre volume fraction 𝜑𝑓, the length l and 

diameter d of the fibre 

 
𝐸𝑐

𝐸𝑚
= 

1+𝜂𝜉𝜑𝑓

1−𝜂𝜑𝑓
                with:  {

𝜂 = (
𝐸𝑓

𝐸𝑚
− 1)/(

𝐸𝑓

𝐸𝑚
+ 𝜉)

𝜉 = 2
𝑙

𝑑

 Eq. 5-5 

If not otherwise specified, the energy absorption capabilities of the UDLs are derived 

from the nominal stress-strain data recorded. On the contrary, as 𝜌 changes continuously along 

the DoG in the DGLs, the stress distribution is no longer uniform. Hence, the absorbed energy 

of the FGLs was computed directly from the load-displacement curves, as the stresses and 

strains vary along the DoG (different in every UC row). Energy absorption performance is 

essentially defined by the plastic plateau region, starting after the yield stress is exceeded up to 

the densification onset 휀𝐷𝑂. The latter is a crucial reference value for characterising a lattice. It 

describes the point after which the slope of the load-displacement curve is rapidly approaching 

the one of the bulk moduli. When this happens, the efficiency of absorbing energy starts 

decreasing (i.e. end of plateau region). Here, the cell walls start to coalesce until the 

densification strain 휀𝐷 is reached. The energy efficiency method [524] was found to be the 

most robust and accurate way of determining the energy efficiency 𝜅 which  is defined as, 

 𝜅(휀) =  
1

𝜎(𝜀)
∫ 𝜎(휀)𝑑휀
𝜀

0
      i.e.      𝜅(𝑢) =  

1

𝐹(𝑢)
∫ 𝐹(𝑢)𝑑𝑢
𝑢

0
 Eq. 5-6 

Derived from either the stress-strain (σ-ε) or load-displacement (F-u) curves, the densification 

onset strain 휀𝐷𝑂 is consequently obtained at the point where the slope of the energy efficiency 

curve is zero 

 
𝑑𝜅(𝜀)

𝑑𝜀
= 0      i.e.     

𝑑𝜅(𝑢)

𝑑𝑢
= 0 Eq. 5-7 

 

 

5.3 Results 

5.3.1 Ungraded baseline lattices: Physical properties and mechanical performance  

From the nominal stress-strain curves, illustrated in Fig. 5-9, the stretching-dominated 

SP lattices (recall the deformation characteristics in section 2.4.4.3) generally indicated a 

higher stiffness compared to the bending-dominated BCC counterpart (recall the difference in 

failure mechanisms shown in Fig. 2-18). While this difference between cell types has been 
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reported earlier [323], the SP lattices' stiffness only becomes significantly higher for the two 

highest densities, as summarised in Fig. 5-10(b). Fig. 5-9 elucidates a more significant 

difference in the highest-density BCC lattices at high strains tested transverse to the build 

direction, compared to ones being tested parallel to it. The SP equivalents do not display a great 

variation (i.e. the width of band). Moreover, the SP lattices with up to �̅� = 0.5 display a lower 

foam hardening rate, i.e. a more pronounced plastic plateau than the BCC lattices.  

  
(a) (b) 

  
(c) (d) 

Fig. 5-9: Nominal stress-strain curves of the UDLs comprised of a)/c) BCC and b)/d) SP unit cells tested a)/b) 

parallel and c)/d) transverse to the build direction. Note the integers in the legends denote the relative density. 

Reproduced from [310] with permission from Elsevier. 

 

Fig. 5-10(a) shows an overall good agreement between the as-designed (numerical 

solution) and actual (measured/experimentally determined) relative lattice density compared to 

the theoretical value. However, the actual density is systematically lower than the target 

(theoretical) density, possibly due to the slicing- and processing-related aspect mentioned in 

section 5.2.3 and 2.2.3.2. This is inferring possible sources of error; however, a detailed 
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analysis of the main cause is beyond the scope of this work. Overall relative densities of the 

graded samples (�̅� = 0.5) were comparable, resulting in 0.42 ± 0.005 and 0.43 ± 0.013 for the 

BCC and SP lattices, respectively.  

  

(a) (b) 
Fig. 5-10: (a) Comparison of the numerical and experimental relative density values 𝜌 compared to the expected 

theoretical (as reported) value 𝜌𝑡 for the SP and BCC lattices. (b) Nominal compressive moduli of the two 

lattice types as a function of density and build direction, highlighting the specific scaling law. Reproduced from 

[310] with permission from Elsevier. 

 

Fig. 5-10(b) highlights that independent of cell type and build direction, stiffness only 

improves marginally up to �̅� = 0.5, however then increases 3-4 times for �̅� = 0.65. The SP 

lattices, in particular, have become significantly stiffer than their bending-dominated 

counterparts due to the transition from open- to closed-cells (see Fig. 5-17(a)), which entails a 

greater share of cell wall stretching over bending, improving the axial wall stiffness [284]. 

Thus, the increased cell wall thickness from �̅� = 0.65 to �̅� = 0.8 further reinforces this aspect, 

making the SP lattices 3× and almost 5× stiffer than the BCC lattices with respect to parallel 

and transverse build directions, respectively. The Young’s modulus of the UDL with �̅� = 0.8 

is nearing the Young’s modulus of the parent/feedstock material. The properties determined in 

academia [515] and those supplied by the print material manufacturer (see Appendix F) are not 

coherent and even vary greatly depending on the type of test conducted. Further discussion on 

this issue follows in section 5.4.2.4.  
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5.3.2 Lattices with graded unit cell density 

5.3.2.1 Qualitative assessment of the structural response 

Comparing the snapshots of the deformed specimens at different strains (up to 60% 

nominal strain), as shown in Fig. 5-11, highlights the differences in the structural behaviour 

between strut- and surface-based lattices and the grading severity.  

 
Fig. 5-11: Comparison of the deformation behaviour between density-graded a/b) Schwarz-P and c/d) BCC 

lattices up to 60% nominal strain. a/c) The SP and BCC lattices with ∆𝜌𝒉 illustrate the transformation from a 

cube into a distinct trapezoidal shape, whereas the ∝𝑖 of the b/d) SP and BCC lattices with ∆𝜌
𝒍
 is much larger. 

This is contrary to the unchanged shape of the e/f) UDLs with the same �̅�. Reproduced from [310] with 

permission from Elsevier. 

 

Overall, the DGLs with ∆𝜌𝒉 showed significant lateral deformation/expansion of the 

three lowest density unit cell layers, while the bottom three layers remained almost unaffected 

up to 50% nominal strain. After reaching 60%, the specimens take a distinct trapezoidal shape 
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with inclination angles ∝𝑖 of approximately ~75° and ~73° for the SP and BCC specimens, 

respectively. Generally, it was found that  ∝
𝑖

∆𝜌ℎ<  ∝
𝑖

∆𝜌𝑙<  ∝𝑖
𝑈𝐷𝐿= 90°. This marks a unique 

structural behaviour of DGLs, which can be attributed to the increase in unit cell stiffness from 

top to bottom as �̅� increases. Thus, for the same load, the lateral strains (in x-direction as shown 

in Fig. 5-11) decrease/increase with the DoG. There is no correlation between �̅� and the 

Poisson’s ratio of foams [284]. However, the Poisson’s ratio varies with the unit cell topology 

and thus plays an additional role in assessing response characteristics (subject of discussion in 

Chapter 7). 

5.3.2.2 Quantitative assessment of the structural response 

Elastic-plastic-densification characteristics - The corresponding load-displacement 

data of the DGLs is plotted in Fig. 5-12 together with the UDL with the same relative density 

as reference. Across both unit cell types and loading directions, pronounced load-drops i.e. 

failure of the lowest-density unit cell layers was recorded for the lattices with ∆𝜌
𝒉
 between the 

linear-elastic and plateau region. For the SP lattices, this behaviour was observed for both ∆𝜌
ℎ
to 

∆𝜌
𝑚ℎ

 and for the tests conducted parallel and transverse to the build direction, respectively. In 

the BCC lattices with ∆𝜌
𝑚

 to ∆𝜌𝑙, the transition into the plastic plateau, i.e. foam hardening, is 

much smoother with a positive hardening rate/slope, whereas most SP lattices display a much 

truer plateau with constant load. Overall, the load-displacement curves are smoother compared 

to the results presented in a study by Maskery et al. [359] in which unreinforced FGLs with a 

piece-wise variation of �̅�𝑈𝐶 (in this work  �̅�𝑈𝐶 ≠ 𝑐𝑜𝑛𝑠𝑡. due to ∆𝜌𝑈𝐶) were tested. This can be 

attributed to a true linear density grading through the thickness, avoiding brittle and sudden 

catastrophic failure.  

It is important to highlight in the SP lattices tested parallel to the build direction is a 

unique point at which all curves intersect at around ~휀𝑒𝑛𝑔 = 1/3 (see Fig. 5-12(b) at a 

displacement of 10 mm). Before this displacement is reached the graded lattices take less load 

than the uniform counterpart; however, at displacements above this intersection point this state 

is reversed as a higher density gradient leads to significantly higher load-bearing capability. A 

similar trend was observed for the specimens tested transverse to the build direction without 

showing such a unique point of inversion. While the ungraded BCC lattice tested parallel to 

the build direction outperformed the DGLs, the latter performed better than the UDL at large 

strains (~휀𝑒𝑛𝑔 ≥ 1/4 which is equivalent to ~7.5 mm displacement as shown in Fig. 5-12(c)) 
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when tested transverse to the build direction. For the tests conducted parallel to the build 

direction, the width of load-displacement curves/bands for specimens with identical ∆𝜌 

remained tighter for large displacements compared to the same set of specimens tested 

transverse to the build direction. Here, mainly the bending-dominated BCC lattice displayed a 

significant variation. 

  
(a) (b) 

  
(c) (d) 

Fig. 5-12: Load-displacement curves of the density graded (a)/(c) BCC and (b)/(d) SP lattices tested (a)/(b) 

parallel and (c)/(d) transverse to the build direction including the corresponding UDLs with the same relative 

density. Reproduced from [310] with permission from Elsevier. 

 

Stiffness and yield strength - In the following histograms (see Fig. 5-13) the 

compressive moduli and yield strengths (0.2% offset stress) are summarised as measured from 

the nominal stress-strain curves. Linear fits were included highlighting the increase in 

performance toward ∆𝜌
𝒍
. An exception constitutes the stiffness of the SP, which remains 

constant. Generally, it becomes evident that the performance gains/losses are more significant 

in the bending-dominated specimen with a more pronounced increase in stiffness and yield 
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strength than the stretching-dominated DGL counterparts. However, it must be noted that SP 

lattices outperform the BCC counterparts significantly, especially at ∆𝜌
ℎ
. 

  
(a) (b) 

Fig. 5-13: (a) Nominal compressive moduli and (b) yield strength (0.2% offset stress) of the density graded 

BCC and SP lattices. Note the dashed trendlines (linear fit) indicate an increase in performance with more 

moderate grading except the stiffness of the SP lattices, showcasing a stable performance.  

 

Energy absorption - Directly derived from the load-displacement data, the cumulative 

energy absorption curves were determined (see Fig. 5-14). For small nominal strains up to 10%, 

the UDLs tested parallel to the build direction absorb more energy than the graded counterparts, 

whereas the tests conducted transversely to the build direction reveal that the DGLs with ∆𝜌𝑙 

are performing the best. With the exception of the BCC lattices tested parallel to the build 

direction, it was found that the uniform counterparts underperform compared to the FGLs for 

large nominal strains beyond 40%, i.e. the DGLs excel at large strains. As the initial resistance 

to displacement is small in the DGLs, it requires a larger displacement before the same effective 

stiffness compared to the UDL with equal �̅�, is reached. Therefore, it is assumed that these 

structures lend themselves well for impact applications. This has also been demonstrated in 

[358,525]. 

Overall, the graphs in Fig. 5-14 highlight that density grading of the BCC lattices is 

more detrimental for energy absorption when tested parallel to the build direction. The 

behaviour of the graded SP lattices exhibits significantly better energy absorption capability at 

high strains in comparison to the ungraded equivalent and is independent of the build direction. 

Contrasting the performance between the two unit-cell types, it can be noted that FGLs 

composed of SP outperform the BCC counterparts. Up to the densification onset of the 

respective UDLs of equal density, the graded SP lattice absorbed more energy than the BCC-
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based FGLs. However, as the latter tend to densify earlier, i.e. at lower strains, the absolute 

energy absorption at ~50-55% nominal strain is more significant than in the SP samples. 

Between the building directions, it is worth noting that BCC lattices displayed a slightly better 

performance when tested transverse to the build direction. In contrast, no significant difference 

was observed in the SP lattices.  

  
(a) (b) 

  
(c) (d) 

Fig. 5-14: Cumulative energy absorption of the density graded (a)/(c) BCC and (b)/(d) SP lattices, respectively 

under quasi-static compression (a)/(b) parallel and (c)/(d) transverse to the build direction. For reference, the 

data of the corresponding UDL, with the same relative density as the DGLs, is included (red curve). Reproduced 

from [310] with permission from Elsevier. 

 

For assessing the effect of grading on the capability of absorbing energy, the average 

break-even strain 휀𝐵𝐸 i.e. intersection point for the graded SP lattices with the UDL (see Fig. 

5-14(b)) was determined in Tab. 5-2 for the different gradients. No trend was observed; 

however, the determined strain values are situated in the same realm as the densification onset 

strain 휀𝐷𝑂 of the UDL with 49.3% ± 2. 
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Tab. 5-2: Break-even strain εBE for the cumulative energy absorption between the DGLs and UDL with equal �̅�. 

Reproduced from [310] with permission from Elsevier. 

∆𝜌 0.6-0.4 0.65-0.35 0.7-0.3 0.75-0.25 0.8-0.2 

𝜺𝑩𝑬 [%] 51.3 ± 2.4 46.1 ± 2.3 49.3 ± 1.7 46.4 ± 1.1 48.6 ± 1.1 

 

5.3.3 Lattices with graded unit cell size 

5.3.3.1 Quantitative assessment of the structural response  

Elastic-plastic-densification characteristics and energy absorption - From the load-

displacement and corresponding cumulative energy absorption curves in Fig. 5-15, it can be 

noted that the severity of unit cell size grading does not significantly affect the performance - 

neither in the elastic nor in the plastic region. However, the GY lattices demonstrate a more 

significant variability between samples of equal Δ𝑈𝐶 compared to the SP lattices.  

  
(a) (b) 

  
(c) (d) 

Fig. 5-15: (a)/(b) Load-displacement and corresponding (c)/(d) cumulative energy absorption curves of the unit 

cell size graded (a)/(c) SP and (b)/(d) GY lattices. Reproduced from [310] with permission from Elsevier. 
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Another differentiation can be drawn from the plastic plateau, as the foam hardening 

rate is greater in the GY lattices. At the same time, they did not illustrate a distinct densification 

compared to the SP counterpart. In terms of energy absorption, the GY lattice surpasses the SP 

lattice at strains greater than 50%, but prior to that, the capabilities of the two types of FGLs is 

comparable.  

By utilising the energy efficiency method (see Eq. 5-6), the average densification onset 

strain 휀𝐷𝑂 amounted to 54.4% ± 0.6 for the SP lattice and 55.7% ± 1.0 for the GY lattice, 

respectively, meaning that while the geometry differs equal density through the thickness yields 

comparable densification onsets. 

Stiffness - The nominal compressive Young’s moduli of the cell size graded lattices, as 

displayed in Fig. 5-16, reveal no trend concerning the severity of grading for the GY lattices. 

In contrast, the SP lattices exhibited a slight decrease in stiffness with increased grading 

severity. As the relative density stays constant along the DoG, a somewhat constant modulus 

is expected, as previously shown for unstructured foams in [284]. The performance variation 

can stem from different factors such as manufacturing. Due to the fixed bead width, the change 

in wall thickness with the size of the unit cell, infill density might change locally. It may also 

stem from different topologies of the hybridised zones between the different sets of specimens.  

 
Fig. 5-16: Average nominal compressive Young’s moduli of the unit cell size graded SP and GY lattices, 

including individual standard deviation and overall unit cell type average as indicated by the horizontal bands. 

Reproduced from [310] with permission from Elsevier. 
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5.4 Discussion  

5.4.1 Ungraded baseline lattices 

5.4.1.1 Stiffness and built direction 

Generally, up to �̅� = 0.5, stiffness values between parallel and transverse build 

directions were small and not coherent (recall Fig. 5-10(b)). At the higher average density 

levels, the transversely tested BCC lattices outperformed the ones tested parallel to the build 

direction. Nevertheless, in favour of the transversely tested samples, the greatest difference was 

noted for the SP lattice with �̅� = 0.8, equating to a 25% higher compressive modulus. As the 

high aspect-ratio fibres (aspect ratio ~14:1 as reported from micrographs presented 

[474,480,526]) align with the print/track direction due to shear forces created in the nozzle (as 

reported, e.g. in [183,191]), the microstructure greatly affects the stiffness [198].  

Concerning the SP samples tested transverse to the build direction, it has been noted 

that a higher lattice density produces a larger percentage of fibres aligned with the loading 

direction as shown in Fig. 5-17(b). This stems from the length and continuity of the 0° paths 

favoured by the double-wall layers and the more effective occupation of the remaining infill 

domain with a ± 45° pattern. As 3D printed specimens follow the behaviour of standard 

laminate composites [157,527], it is assumed that these aspects are the reason for the improved 

stiffness in the high-density SP lattice tested transverse to the build direction. Despite the fact 

that the same applies to the BCC lattices (i.e. more favourable fibre alignment at higher lattice 

density), the increase in stiffness was significantly smaller, inferring that the cell topology 

(bending-dominated) represents the dominating factor for the performance. 
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Fig. 5-17: (a) Transition from open-cell to closed-cell SP topology with an increase in �̅�. (b) Print slices (taken 

at identical height), visualising the tool-path patterns of SP lattices with different �̅� as tested parallel to the 

loading direction. The higher density lattice shows a higher percentage of fibres aligned with the loading 

direction i.e. 0° paths together with ± 45° infills, which is assumed to cause the higher stiffness recorded for 

the specimens tested transverse to the build direction. Reproduced from [310] with permission from Elsevier. 

 

5.4.1.2 Densification onset and energy absorption 

Low-density porous structures are abruptly transitioning from plastic foam hardening 

with almost no increase in load into densification with a steep increase in load. This behaviour 

becomes muted the higher the density of the lattice (see Fig. 5-9). Consequently, the 

densification onset strain 휀𝐷𝑂 can no longer be exactly determined by employing approaches 

like the energy efficiency method. For BCC lattices with �̅� ≥ 0.65 and SP lattices with �̅� = 0.8, 

energy efficiency curves did not converge or flatten (see Fig. 5-18), thus not providing a distinct 

densification. The densification of the BCC lattices, which is commonly attributed to cell wall 

interactions, occurs earlier the higher �̅� for both loading parallel and transverse to the build 

direction. On the contrary, the SP lattices displayed a somewhat constant value for 휀𝐷𝑂 

between �̅� = 0.2-0.35 as well as between �̅� = 0.5-0.65 except for the lowest-density lattice tested 
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transverse to the build direction. Thus, similar coalescence behaviour of cell walls can be 

concluded, resulting in a more predictable deformation. 

  

(a) (b) 
Fig. 5-18: Energy efficiency curves of the uniform (a) BCC and (b) SP lattices of dissimilar density. 

Reproduced from [310] with permission from Elsevier. 

 

Observing the cumulative energy absorption up to the densification strain 𝑊𝜀𝐷𝑂 (see 

Tab. 5-3), it becomes evident that more energy is being absorbed the higher lattice density. 

Moreover, better energy absorption capability was recorded for specimens tested parallel to the 

build direction except for the BCC specimen at �̅� = 0.2.  

 

Tab. 5-3: Summary of the average densification onset strain εDO [%] and cumulative energy absorption WεDO  [J] 

up to the densification onset for the UDLs tested parallel and transverse to the build direction. Reproduced from 

[310] with permission from Elsevier. 

 
BCC SP 

𝜺𝑫𝑶 𝑾𝜺𝑫𝑶 𝜺𝑫𝑶 𝑾𝜺𝑫𝑶 𝜺𝑫𝑶 𝑾𝜺𝑫𝑶 𝜺𝑫𝑶 𝑾𝜺𝑫𝑶 

Build 

direction 
Parallel Transverse Parallel Transverse 

�̅�= 0.2 
51  

(±0.2) 

977  

(±64) 

52  

(±0.4) 

1531 

(±227) 

58  

(±0.4) 

2546  

(±159) 

46  

(±1.9) 

2236  

(±41) 

�̅� = 0.35 
42  

(±0.1) 

3429  

(±180) 

44  

(±0.6) 

2744 

(±154) 

59  

(±0.5) 

4961  

(±296) 

57  

(±0.6) 

4607  

(±101) 

�̅� = 0.5 
38  

(±0.2) 

4979  

(±393) 

39  

(±0.3) 

3597 

(±86) 

49  

(±0.3) 

5967 

(±171) 

49  

(±0.7) 

5597  

(±387) 

�̅�= 0.65 n.a. n.a. n.a. n.a. 
45  

(±0.1) 

17153  

(±366) 

48  

(±0.6) 

13387  

(±126) 

�̅� = 0.8 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
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5.4.2 Graded lattices 

5.4.2.1 Structural response of DGLs versus UDLs 

Recalling the load-displacement curves of Fig. 5-12, comparing the DGLs with the 

UDL of equal 𝜌, it was found that only the density-graded BCC lattices tested transverse to the 

build direction were able to outperform the UDL in plasticity. This suggests that besides the 

elastic (recall Fig. 5-10(b)) also the plastic stiffness is affected by the build orientation, which 

is assumed to be linked to the preferential alignment of fibres in the loading direction (recall 

Fig. 5-17). Conversely, the difference between the DGLs tested for different build directions 

vanished during densification, favouring the specimens tested parallel to the built direction. 

This could be explained by the more excessive crack formation between the layers as, discussed 

in section 5.4.2.3.  

Another interesting finding is the distinct intersection point between the bending-

dominated UDL and DGL lattices in the load-displacement curves (recall Fig. 5-12(b)/(d)). 

While the momentary plastic stiffness in this point varies between the specimens, their load-

bearing capability is equal at this specific intersection strain 휀𝑖𝑛𝑡. Evidently, this is a material 

characteristic associated with the particular cell topology (stretching-dominated behaviour) and 

𝜌. As the density is graded linearly in the DGLs, there is reason to believe that such an 

intersection point will be recorded when grading the density of the lattices around a different 

set �̅�, with 휀𝑖𝑛𝑡 being lower the higher �̅�. Consequently, for a range of 휀𝑖𝑛𝑡, a function could be 

derived that could help quickly select the necessary strain for DGLs to surpass, e.g. the energy 

absorption capability of a UDL of equal �̅�. 

In summary, these findings associated with the simple uniaxial compression tests lend 

themselves for inferring improved design with FGLs and guide the implementation of these 

structures in AM-designs. It helps approximate performances based on cell type, grading 

severity and build direction. 

5.4.2.2 Insights into the axial and transverse strain distribution in DGLs 

Further elucidating the differences in the structural response of the density-graded BCC 

and SP lattices, Fig. 5-19 illustrates the axial and lateral strain distribution along the gradient. 

While the nominal stress-strain response is of use in terms of homogenised properties and 

ultimately for an application, it does not capture the effective stresses which vary in each unit 

cell layer.  
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Fig. 5-19: Axial (z-direction) and transverse (x-direction) average unit cell strain distribution for BCC and SP 

lattices with ∆𝜌ℎ at different axial displacements, capturing the elastic (~0.1-0.5), the early and late plastic (~1-

3.5 and ~4-6.5) behaviour. The data obtained via measurement via digital image correlation on the front surface 

of the cubic specimen was fitted with an n-1 order polynomial for n data points. It must be noted that the rise 

in the strain at the unit cell layers from 25-30mm (i.e. cells with the highest density) are relicts caused by 

measurement inaccuracies (thus can be ignored if the strain has previously gone to zero). Reproduced from 

[310] with permission from Elsevier. 

 

For this purpose, this work looked at the DGLs with ∆𝜌
𝒉
. In the linear elastic region up 

to the onset of yield (~0.5-1mm), an almost twofold higher strain in the BCC lattices compared 

to the stretching-dominated counterpart was observed. This trend remains consistent 

throughout the plastic deformation up to ~6.5mm displacement. This is underlined by Fig. 5-20, 

showing the axial unit cell strain as a function of load. Moreover, it shows how primarily the 

first two unit cell layers (lowest density) are affected and are strained extensively before the 

remaining layers start straining. In contrast, the unit cell layers of the SP lattices contributed 

equally to the load-bearing capability, giving an overall lower axial strain for a given load and 

thus having a higher stiffness. This difference in the bending- and stretching-dominated 

response is also shown up to a displacement of ~3.5mm as the axial strains are almost zero 
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between the 2nd and 3rd unit cell layer of the BCC lattice, while the SP counterpart record axial 

strains beyond the 3rd unit cell layer (see Fig. 5-19).  

 Examining the transverse unit cell strains of the two lattice types, a similar trend is 

observed as stated for the axial strains. Primarily the first half of the lattice with low 𝜌𝑈𝐶  are 

being deformed in the BCC lattice, while the recordings of the transverse strains in the SP 

lattices also indicated deformations in the second half of the lattice where �̅�𝑈𝐶  is higher (see 

Fig. 5-19). However, in contrast to the axial strains, magnitudes remained comparable between 

the two lattices.  

  

(a) (b) 

Fig. 5-20: Normalised unit cell height in the DoG versus the normalised effective surface area in (a) UDLs and 

(b) DGLs with ∆𝜌ℎ including the curve fits derived via linear regression. 

 

Fig. 5-20 illustrates how the effective surface area changes along the DoG within a 

uniform density versus a density-graded UC. In both cases, the BCC lattice deviates more 

significantly from the mean curve. Manufacturing defects such as pores exacerbate the smaller 

the UC features (recall section 2.4.4). Thus, the bending-dominated cell topology is more prone 

to premature yielding and ultimately failure due to a higher nominal stress. The same was 

observed in the DGLs, where the deviation from the linear fit between unit cell height and 

effective surface area is greater for the BCC lattice. Moving from ∆𝜌ℎ to ∆𝜌𝑙 this deviation 

becomes more minor, but generally it is more significant in the BCC than the SP lattices. This 

may explain, why the BCC lattice displays a more distinct two-tier structural response (see Fig. 

5-19). The distribution of the effective surface area along the DoG explains why the SP lattice 



 Fibre-Reinforced Functionally Graded Lattices 

- 141 - 

 

behaves more like a continuum solid than the BCC counterpart and why the stiffness of the 

corresponding DGLs was somewhat constant for the stretching-dominated lattice, whereas it 

significantly increased form ∆𝜌ℎ to ∆𝜌𝑙 in the bending-dominated counterpart (recall Fig. 

5-13). 

5.4.2.3 Qualitative failure assessment 

Fig. 5-21 exemplifies the crack formation and the prevalent deformation mechanisms 

between the two lattice types (i.e. bending- and stretching-dominated) and concerning the build 

direction. While the SP lattices tested transverse to the build direction have shown almost no 

apparent signs of any crack formations, cracks propagated along the unit cell interfaces in the 

bending-dominated BCC lattices. This is explained by the development of tensile stress 

concentrations at the rectangular corners (geometry changes abruptly), which is promoted by 

the x-shaped struts acting like a hinge when loaded. Such an interlaminar failure is commonly 

observed in composites as the in-plane strength is generally superior, but also in FFF prints due 

to the inter-bead porosity introduced through the layered manufacturing approach and the 

process execution inhibiting sufficient wetting (i.e. tool-path strategy and part cooling result in 

the cooling out of the beads such that the adjacent beads are badly fusing). The schematics in 

Fig. 5-21 are aimed at highlighting the failure mechanism based upon the crack formation. 

Even for the stretching-dominated SP lattices it can be observed that local bending forces must 

be present to cause the observed failure. This infers are a rather mixed mechanism will be 

discussed in more detail in section 5.4.2.5. 

Recent works [528,529] have investigated the performance and the failure modes of 

FFF prints (unreinforced compact tensile specimens) concerning the build directions and 

concluded that the main reason for the lower toughness and strain-to-failure in samples tested 

transverse to the build plane are, in fact, the filament-scale geometric features. These were 

found to act as stress raisers, and the often-assumed effect of insufficient bonding across the 

interlayer interfaces was deemed not decisive. The authors' conclusions support the findings in 

this work that the strength in stiffness does not vary significantly between two loading 

directions concerning the print plane. Likewise, it may – in part – explain the predominant 

crack formation along the print plane. However, it is vital to notice, that the cellular topologies 

constitute additional aspects affecting how the lattices fail, as will be discussed in the 

following. 
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Crack steering constitutes another frequently observed mechanism in composites. As a 

result of this, cracks are guided along the fibre-direction, as the resistance to circumvent them 

(i.e. transverse to the orientation) is greater. Determining the decisive reason for the crack 

formation from the above-mentioned factors remains subject to further investigation and is 

deemed inconclusive at this stage of the research.  

 
Fig. 5-21: Deformation mechanism underlying the observed cracks (highlighted in red). SP (left) and BCC 

(right) lattices with ∆𝜌𝑚, tested transverse (lower row) and parallel (upper row) to the build direction z. 

Reproduced from [310] with permission from Elsevier. 

 

Vertical cracks were observed in the BCC, and SP lattices tested parallel to the build 

direction. Due to the comparable stiffness values for a given relative density and test direction 

in the BCC lattices (compare Fig. 5-10), the interlaminar strength of the nylon matrix seems to 

be the limiting factor (in contrast to the SP lattices). Another aspect affecting the performance 

of SFCs are generally the fibre lengths at the fibre-matrix interface (i.e. critical fibre length), 

which is why it can be assumed that the differences between the lattice types change with a 

different length of short fibres.  

 Even the SP lattice will eventually undergo bending, which has been observed mainly 

in the circular opening of the open cells beyond nominal strains of 50% when tested transverse 

to the build plane. Governed by the inter-plane bonding strength, i.e. polymer shear and yield 

strength, this caused the cracks to form. Consequently, cracks fail to appear when the 

specimens are tested parallel to the build plate as the layers and fibres are aligned transverse to 

the potential crack propagation direction, requiring more considerable stresses to overcome the 

initial crack initiation resistance.  

 As demonstrated in Fig. 5-17(b), there are differences in tool path patterns between 

lattices of different relative densities (increase infill density). However, unlike the difference 
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in stiffness for lattices of high relative density subject to the build direction, no such effect was 

observed regarding the failure behaviour. Crack initiation was primarily governed by the cell-

type-specific failure mechanism and occurred between layers. 

At large plastic strains (beyond the densification onset), incidences of delamination or 

in-plane debonding were observed for some specimens (see Fig. 5-22). Hence, variability is 

associated with the experimental data gathered at large deformations, which could stem from 

deviations in the manufacturing quality. Another behaviour observed in the tests is the bounce-

back effect. 

 
Fig. 5-22: Debonding of layers of the BCC lattice (∆𝜌ℎ𝑚) tested transverse to the build direction. 

 

Examining the CSGLs (see Fig. 5-23), crack formations axial as well as transverse to 

the loading direction were observed in the largest unit cells. This finding is in accordance with 

[363], referring to possible manufacturing-related causes such as inferior wetting in large cells 

[530] due to inadequate tool-path strategies (i.e. the time between the printing of a bead and its 

adjacent bead is too long with regards to the cooling rate, such that the bonding between the 

beads is not ideal). Occasionally, cracks also propagated in the regions with unit cells of the 

intermediate size in the SP lattices. The cracks in the GY lattices were generally smaller than 

in the SP counterparts. Opposed to [363], no shear band failures were observed in this work, 

which is commonly found in more brittle FGLs. Thus, the inherent plasticity of the nylon 

matrix inhibits such behaviour.  

The edge effect is assumed negligible, as no significantly higher or consistent difference 

in strain between layers of different unit cell size was observed up to a nominal strain of ~30%. 

This is backed up by [308,360], where the authors determined a marginal discrepancy in 

stiffness between 3 and 4 unit cells per edge length. Thus, a variation of stiffness through the 

thickness of the CSGLs is unlikely, making the parameters obtained in the elastic and majority 
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of the plastic region reliable. The crack formation in e.g. the SP lattices occurred at strains 

above 50% in the larger UCs (bottom layer) due to the greater bending moment. Consequently, 

a lattice composed of multiple cells with the same relative density is more damage tolerant.  

 
Fig. 5-23 CSGLs composed of a) SP (left) and b) GY (right) unit cells with ∆𝑈𝐶𝑚 after quasi-static compression 

display crack formations in the largest unit cells as highlighted in red. Reproduced from [310] with permission 

from Elsevier. 

 

With a fibre volume fraction of merely ~9%, potentially supplying insufficient fibres 

overlaps, the bending stiffness is compromised i.e. sub-optimal. As the SP lattice is primarily 

stretching-dominated in the elastic regime, a higher fibre volume fraction might significantly 

impact the stiffness. Besides the geometry differences, the inter-plane bonding strength can 

thus be identified as a central influencing factor for the performance. Consequently, BCC and 

SP lattices tested transverse to the build direction show an equal susceptibility to crack 

formation. Local control over the fibre orientation i.e. microstructural tuning, as demonstrated 

in [225], at the highlighted points of failure (see Fig. 5-21) would further increase the damage 

tolerance during the plastic collapse. Nevertheless, even at this low fibre content, the 

reinforcement influences structural behaviour as SP lattices manufactured from pure nylon 12 

demonstrated failure at the necks [360]. Likewise, no shear band failures as reported e.g. 

density graded metal-based TPMS [43], were observed, making this composite generally more 

robust to catastrophic failure. This is likely stemming from the inherent material plasticity and 

potentially due to the addition of fibres. 

5.4.2.4 The effect of grading on the stiffness  

The Young’s moduli of the UDLs served as the basis for the scaling i.e. interpolation 

approach employed for theoretically estimating the stiffness of intermediate density lattices 

(compare chapter 5.2.5). The corresponding fits for the properties obtained from the test 

conducted parallel and transverse to the build direction are displayed in Fig. 5-24(a) with a 

high degree of fit. The SP lattices showed a higher exponent. Following the integration 
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approach expressed in Eq. 5-4, considering springs (i.e. unit cell layers) of different stiffness 

in series, the total stiffness of the FLGs was determined as summarised in Fig. 5-24(b). 

 
 

(a) (b) 

Fig. 5-24: (a) Compressive Young’s versus relative density (experimentally determined), including the 

established fit/scaling law with the corresponding constants of proportionality. (b) Total compressive Young’s 

moduli of the DGLs compared to the ungraded counterpart of the same �̅�. Redrawn from [310] with permission 

from Elsevier. 

 

For the bending-dominated BCC lattice with ∆𝜌
𝒍
, it was found that the stiffness is 

improved over the ungraded equivalent of the same relative density. Likewise, the SP lattice 

tested parallel to the build direction shows an improved stiffness for ∆𝜌
𝒍
 up to ∆𝜌

𝒎
. The SP 

lattice with the lowest gradient has almost 60% higher stiffness than the ungraded counterpart. 

For both lattice types, it was noted that with higher ∆𝜌 the stiffness gradually drops below 

~50% for the DGL with ∆𝜌
𝒉
. The most significant drop to about 10% of the UDL stiffness was 

observed for the SP lattice tested transverse to the build orientation. This effect concerning 

moderate grading is in accordance with the determined Young’s moduli illustrated in Fig. 5-16, 

highlighting the sharp increase (approximately threefold) in stiffness between �̅� = 0.5 to �̅� =

0.65. 

Additionally, the stiffness at �̅� = 0.35 is only marginally lower than the next data point 

at �̅� = 0.5, suggesting that lattices having predominantly �̅�𝑈𝐶 ≥ 0.5, experience greater 

integrated stiffness gains. It is essential to mention that this approximation is greatly influenced 

by the fit type, the number of data points. As shown in Fig. 5-24(a), for some relative densities 

the stiffness fit lies above or below the measured data point, thus a high dependency on the 
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relative density range between which the grading is conducted must be considered as a source 

of inaccuracy. This aspect is underlined by the estimation/observation for the performance of 

specimens tested parallel to the build direction, which outperformed the specimens tested in 

the transverse direction. Here the stiffness of the UDLs with �̅� ≥ 0.65 have shown more 

significant differences with regards to print direction in favour of the transversely tested 

specimens. To reiterate, it is important to note that this constitutes a theoretical approximation 

based on an imperfect fit and thus merely estimate the total stiffness. Consequently, it should 

not be confused with the ‘initial’ stiffness, which is still governed by the lowest relative density 

unit cells of the graded lattice. In comparison to the experimentally determined stiffness (recall 

Fig. 5-13), the same trend between severity of grading and Young’s modulus could be 

confirmed. The prediction of the bending-dominated lattice is very good; however, the nominal 

stiffness of the stretching-dominated was determined to be somewhat constant in the 

experiments as opposed to the predicted trend. 

The different effects of density grading on the two lattice types demonstrate the 

importance of establishing a base data set, explicitly capturing the relationship between 

performance indices and relative density. Consequently, lattices with an even lower gradient 

than ∆𝜌
𝒍
, could yield an even higher stiffness based on the relationship shown here. In this, 

context it is worth mentioning that the magnitude of the effect is dependent on the relative 

density chosen (here �̅� = 0.5). Being able to assess these influencing parameters provides scope 

for fine-tuning properties. This can find applications for multi-objective applications where 

e.g. local permeability [468] is of interest. Likewise, as the stiffness of the CSGLs 

demonstrated comparable stiffness and a similar structural response up to high strains, 

applications for specific conductivity rates become attractive (e.g. heat sinks). This stems from 

the increasing ratio of surface area to volume from ∆𝑈𝐶𝑙 to  ∆𝑈𝐶ℎ. Here, knowledge to which 

level the stiffness degrades compared to the ungraded counterpart for a given grading severity 

is crucial. 

5.4.2.5 Structure-property-relationship – Assessment of scaling laws 

Stiffness - Fig. 5-25 sets the performance of the ungraded, density and unit cell size, 

graded data into the context of various other engineering materials. Besides the spatially 

uniform density lattices, both the density-graded and the CSGLs fall in the realm of foam-like 

materials and natural materials. The DGLs show how performance can be tailored around a 

constant relative density. The knowledge about their performance aids the designer’s and 
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engineer’s decision-making process about the applicability of FGLs under concurrent 

consideration of multi-functional purposes.  

 
Fig. 5-25: Modulus versus density of UDLs, DGLs and CSGLs in comparison with other engineering materials 

and including the Halpin-Tsai estimate for a 40% fibre volume fraction. Reproduced and adapted from [532] 

and re-drawn from [310] with permission from Elsevier. 

 

In Fig. 5-26  the performance of the UDLs and DGLs is compared with the empirical 

data in [323]. It was observed that the relative moduli of the ungraded BCC lattices fall short 

of matching the trendline for an ideal bending-dominated behaviour while having a similar 

slope. Likewise, the ungraded SP lattices do not match the ideal stretching-dominated 

behaviour; however, they also display a slightly steeper trendline than the ideally stretching-

dominated trendline suggests. In fact, the slope of the lattices tested here are around or greater 

than 3 (compare Tab. 5-4). Towards higher relative density, both lattice types present a smaller 

error compared to the corresponding ideal performance. This could be attributed to 

imperfections introduced during manufacturing (recall section 2.4.4.6), which are more 

detrimental the smaller the geometric features. The potential for fine-tuning the relative 

stiffness of the lattices is highlighted, providing a greater spectrum for potential applications. 

This is shown, e.g. for the performance of the SP lattices, which can be enhanced to 

approximate an ideally bending-dominated behaviour. Similarly, the moderately graded BCC 

lattices can be adjusted to match the stiffness of a uniform SP lattice of the same density. For 
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high �̅�, differences in performance vanish between different lattice types, but an even greater 

scope for tailoring of the lattice performance through density grading is to be expected for 

lower relative density lattices. 

 
Fig. 5-26: a) Relative modulus-density curves of bending- and stretching-dominated lattices as redrawn from 

Ashby [323] and adapted from [310] with permission from Elsevier. 

 

The exponents of the performance indices (see slopes in Fig. 5-26) developed by Ashby 

[533,534] were deduced from simple loading cases linked to the lattices’ key failure 

mechanisms and take the functional requirements, geometrical parameters and material 

properties into consideration. They are defined by the ‘function’ (i.e., the definition of the 

loading scenario), the ‘objective’ (i.e., identification of the property that shall be minimised or 

maximised) and the ‘constraint’ (i.e., specify negotiable and non-negotiable conditions). For 

stiffness-limited design at minimal weight, the stretching-dominated lattice can be simplified 

by a tie/column in tension, whereas a bending-dominated lattice represents a beam in bending. 

While a material exponent of n1=3, as identified for a stiffness-limited design at minimal mass, 

would equate to the ‘function’ of a panel in bending, a larger exponent as identified for the SP 

lattices rather infers a mixed non-trivial objective/ loading scenario. For a stiffness-limited 

design at minimum mass (compare C5 and n2 in Tab. 5-4), the differences are even greater. This 

suggests that the simplification of non-stochastic, fibre-reinforced lattices of high relative 

density into fixed categories may no longer be applicable, which resonates well with the work 

of Bhate et al. [70]. 
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(a) (b) 

 
(c) 

Fig. 5-27: Comparison of the data produced in this study with those in [30]. Scaling with the relative density 

of (a) Young’s modulus (including both build direction), (b) yield strength and (c) Poisson’s ratio. The yield 

strength was determined as flow stress at zero plastic strain. Redrawn and adapted from [30]. 

 

Fig. 5-25 also includes the estimation of the specific Young’s modulus for a fibre 

volume fraction of 40% instead of ~9%, as determined in [480], using the Halpin-Tsai model 

and the rule of mixture. Here, the fibre diameter and length were assumed to be ~7𝜇𝑚 and 

~100𝜇𝑚, respectively as determined in [474,480]. It is calculated, that the composite tensile 

and flexural stiffness increases almost eightfold and more than threefold, respectively, based 

on the material data provided by the manufacturer of the filaments [207]. While this constitutes 

merely an estimate, neglecting microstructural or manufacturing aspects, it should solely serve 
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as an indication. However, what it portrays are the different dimensions for fine-tuning the 

specific stiffness of the same geometry through joint optimisation of the meso-structure and 

the intrinsic material properties. Thus, the data illustrated potential parameters which can be 

considered when optimising a design with both mechanical and functional behaviour in mind. 

The measurements on UDLs conducted in this study were compared to those in [284], 

reporting scaling laws for Young’s modulus, yield strength and elastic Poisson’s ratio displayed 

in Fig. 5-27, which shows that our measurements are in broad agreement with those in the 

literature. Recalling the scaling laws introduced in section 2.4.4.2, Tab. 5-4 summarises the 

power-law constants and exponents derived from the measured data.  

 

Tab. 5-4: The power-law constants of the scaling laws for relative modulus and yield strength subject to different 

cell types, build direction and cell wall stiffness (tensile versus flexural modulus of base material). 

𝐶 × (
𝜌∗

𝜌𝑆
)

𝑛

 C1 C5 n1 n2 

SP 2.1-5.5 2 6.2 3.8 

BCC 0.4-1 1.1 3.4 3.2 

 

Densification - Naturally, the densification (onset) strain is higher the lower the relative 

density of the foam or lattice. The first fit capturing this behaviour was introduced by Gibson 

and Ashby [535] for a set of polymer-based foams with a relatively low density, which is given 

in Eq. 2-2. Recent works on structured polymer lattices, including the findings in this work, 

show densification strains that do not fit this prediction, as illustrated in Fig. 5-28(a).  

There is a wider scatter in the data and the findings in this work also suggest a levelling 

off towards higher relative densities. An aspect that is making comparisons difficult, is the 

definition of the densification strain 휀𝐷. This is either defined as absolute strain, i.e. as 

horizontal intercept approximating the maximum strain, or as onset strain, i.e. as the intercept 

created through the tangent on the stress-strain curve with a slope equal to the bulk modulus.  

More recently, Li et al. [524] introduced the energy efficiency method, highlighting the 

need to differentiate between the onset of densification 휀𝐷𝑂 and the true densification 휀𝐷. The 

former has been determined, as summarised in Tab. 5-3 and now visualised in Fig. 5-28(b). 

Being a well-defined parameter, it lends itself better as a reference for assessing the energy 

absorption for a given/set structural response, which in this case represents the disintegration 

of the geometrical features. Since this approach conflicts with the tangent measurement (휀𝐷 
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tends to occur prior to 휀𝐷𝑂), described above, the horizontal approximation was used in this 

work. Generally, a consensus within the scientific community on the definition would be 

preferable, guaranteeing a better comparison between results allowing for updated empirically 

grounded scaling laws. 

  
(a) (b) 

Fig. 5-28: (a) Densification strain versus relative density of different foams and lattices. The data a fit of foams 

based is reproduced from Gibson and Ashby [47], whereas more recent lattice works [359,387,536] have been 

included to compare the findings in this work. (b) Densification onset strain of the BCC and SP lattices, as 

determined with the energy efficiency method [524]. 

 

5.4.2.6 The effect of grading on the energy absorption capability 

Energy efficiency - Examining the energy efficiency curves in Fig. 5-29 it becomes 

evident that the functionally graded SP lattice have a higher energy absorption efficiency than 

the BCC lattices with the same density gradient. It can also be noticed that graded BCC lattices 

deviate at lower strains from the initial linear slope in the efficiency curve. However, the 

detachment from the linear slope and the reference curve of the UDL is more abrupt in the 

graded SP lattices. Interestingly the specimens tested transverse to the build direction showed 

a better energy efficiency above 30% strain, suggesting additional dissipative mechanisms.  

The efficiency curves of the graded SP lattices also exhibited a distinct plateau starting 

from 25% strain (see Fig. 5-29(b)). This is an interesting behaviour as it suggests a constant 

structural behaviour to loading, which may be attractive for specific applications. Generally, 

both BCC and SP lattices with ∆𝜌ℎ showcased either a plateau or slightly increasing efficiency 
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curve, making it impossible to determine a clear maximum and thus a densification onset point. 

In fact, due to the grading, every single unit cell layer has its own densification strain, which 

seemed to be smoothly transitioning into one another. Like the load-drops shown in Fig. 5-12, 

highlighting the sequential failure of layers, a waviness in the efficiency curves was expected. 

  
(a) (b) 

  
(c) (d) 

Fig. 5-29: Energy efficiency curves of the graded (a)/(c) BCC and (b)/(d) SP lattices compared to the ungraded 

counterparts with equal mass tested (a)/(b) parallel and (c)/(d) transverse to the build direction. Reproduced 

from [310] with permission from Elsevier. 

 

 Generally, the curves of the graded lattices suggest superior efficiency at very high 

strain compared to the ungraded counterpart, which has been verified in some of the graphs 

below and in absolute values in Fig. 5-14. This may be used to tailor the structural response, 

especially for impact applications naturally experiencing large strain deformations. However, 

how the strain rate affects this response may be subject to further investigations. 
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Normalised energy absorption - In the context of applications, it is additionally vital 

to assess these performance parameters subject to the experienced stress. This ensures that the 

part does not fail for the envisaged energy absorption capability. Thus, as proposed by Gibson 

and Ashby [284], the normalised cumulative energy absorption is plotted over the normalised 

peak stress (see Fig. 5-30 and Fig. 5-31), to better identify lattices that absorb the highest energy 

at the lowest possible stress. For that purpose, both the cumulative energy absorption and peak 

stress were normalised by the materials Young’s modulus ES. An envelope curve (second-order 

polynomial) derived from the five UDLs was established and displayed together with the FGLs 

in Fig. 5-30.  

A significant increase in energy absorption with a minor rise in stress is typically 

expected to occur in the plateau region (denoted by ‘B’ in Fig. 5-30) of UDLs, which can be 

confirmed by the graphs. For the DGLs on the other hand, this effect occurs at a lower strain 

as the unit cell layers with �̅� < 0.5 have already yielded. Thus, a better energy absorption 

capability prior to the yield stress of the corresponding ungraded equivalent is achieved by the 

FGLs. This can be observed mainly in the BCC lattices, where the specimen with the highest 

gradient tested parallel to the build direction demonstrated a sharp increase (matching the 

envelope curve equivalent to a UDL of lower average density). At the densification onset of 

the UDL with 0.5 relative density, it can be observed that the graded lattices absorbed less 

energy than the ungraded specimen. In contrast, the abovementioned characteristics of the 

normalised energy absorption curves were significantly more subtle in the SP lattices, meaning 

the curves of the FGLs match the ones of the UDL much more closely (see Fig. 5-30). 

Due to the continuous change in 𝜌𝑈𝐶, in the DGLs, the local stresses vary across the 

thickness of the specimen. Thus, the nominal peak stress values utilised in Fig. 5-30 are 

systematically underestimated as the effective surface area changes along the DoG. 

Consequently, Fig. 5-31 highlights the actual behaviour more realistically by considering the 

effective stresses and strains. The former was obtained from the load over the effective unit 

cell area in the middle of the UC (recall that due to the continuous grading, the surface area 

changes within every single UC, as shown in Fig. 5-8.) The latter has been determined from 

the optical strain gauge. The specimens with the highest gradient were representatively utilised 

for this purpose and compared to the uniform counterpart. It becomes evident, that the graded 

BCC lattices demonstrate higher energy absorption capability at lower stresses before yielding. 
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(a) (b) 

  
(c) (d) 

Fig. 5-30: Normalised nominal energy absorption diagram of the (un)graded (a)/(c) BCC and (b)/(d) SP lattices 

tested (a)/(b) parallel and (c)/(d) transverse to the build direction of equal relative density. The curves are 

partitioned into the elastic realm (A), the plastic yielding corresponding to the plateau region in the load-

displacement curve (B) and the stress threshold at the onset of densification (C). Note that the marked values 

for the yield and densification onset strain and the envelope curve are derived from the UDLs. Reproduced 

from [310] with permission from Elsevier. 

 

Conversely, the SP lattices demonstrate a good agreement with the ungraded 

counterpart up to the yield point with a much smoother curve progression. Grading of the BCC 

lattices remains thus advantageous in terms of energy absorption for the BCC lattice when 

loaded up to yielding. The stretching-dominated FGL sample, however, does not show better 

performance than its uniform counterpart.  

Regarding the normalised nominal energy absorption of the CSGLs, no significant 

differences were noted in light of either severity of grading or the cell type, as highlighted in 

Fig. 5-32, which is in line with the findings presented in chapter 0. Thus, the selection criteria 
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for choosing the grading severity and cell type (restricted to SP and GY here) within an AM-

design can solely be reduced to aspects of multi-functionality (e.g. local permeability, etc.), as 

the mechanical performance is merely driven by 𝜌 of the FGLs, which is identical.  

  
(a) (b) 

Fig. 5-31: Normalised effective energy absorption curves of (a) BCC and (b) SP lattice with ∆𝜌ℎ tested parallel 

to the build direction in comparison to the ungraded counterpart. Note that these values are directly obtained 

from the unit cell effective stress-strain values recorded with an optical strain gauge. The plotted yield and 

densification onset points are derived from the UDLs of the same density. The regions A, B and C represent 

the linear-elastic realm, the plateau, and the densification region, respectively. Reproduced from [310] with 

permission from Elsevier. 

 

It is important to mention, that despite the nature-like appearance of these FGLs, 

resembling a hierarchical structure and suggesting - among others - improved energy 

absorption, this is a copy rather than a true replicate. It is not specifically engineered to mimic 

the underlying mechanism that makes natural structures extremely tough mechanisms (e.g. 

crack deflection, bridging, interfacial hardening, controlled debonding, etc.), as reviewed in 

[537]. In fact, the lattice is not strictly a hierarchical configuration but presents only a 

mesostructure and has at best one additional length-scale level (counting the fibre-

reinforcement).  

Overall, the findings into the energy absorption capabilities of DGLs and CSGLs can 

help better harness the potential of FGLs for specific applications. In particular, if stress 

constraints (see Fig. 5-30 - Fig. 5-32) need to be considered or in case of sacrificial parts (i.e. 

if only the cumulative energy absorption is of interest, please recall Fig. 5-14 and Fig. 5-15). 
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(a) (b) 

Fig. 5-32: Normalised nominal energy absorption diagram of the cell size graded (a) SP and (b) GY lattices. 

Reproduced from [310] with permission from Elsevier. 

 

A semi-empirical formulation for energy absorption of FGLs - Building on the 

findings, a semi-empirical formulation was determined that allows estimating the cumulative 

energy absorption of the two different lattice types as a function of the density gradient for a 

given nominal strain. For this purpose, the curves presented in Fig. 5-14 were fitted by a power-

law expression, providing a goodness-of-fit measure of R2 > 0.98. The average parameters of 

these initial fits are plotted in Fig. 5-33 over the density gradient and were subsequently fitted 

again (power-law fit for the material constant C and linear fit for the exponent n) to derive a 

trend. Eq. 5-8 to Eq. 5-11 represent the final expressions for the cumulative energy absorption 

of the BCC and SP lattices, respectively.  

 𝑊𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙
𝐵𝐶𝐶_0.5 = 1.94∆𝜌−0.46 ∗ 휀𝐿𝑎𝑡𝑡

2.20∆𝜌+1.99
  Eq. 5-8 

 𝑊𝑡𝑟𝑎𝑛𝑠𝑣𝑒𝑟𝑠𝑒
𝐵𝐶𝐶_0.5 = 8.67∆𝜌−0.03 ∗ 휀𝐿𝑎𝑡𝑡

0.86∆𝜌+2.21
 Eq. 5-9 

 𝑊𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙
𝑆𝑃_0.5 = 5.96∆𝜌−0.41 ∗ 휀𝐿𝑎𝑡𝑡

1.71∆𝜌+1.78
 Eq. 5-10 

 𝑊𝑡𝑟𝑎𝑛𝑠𝑣𝑒𝑟𝑠𝑒
𝑆𝑃_0.5 = 21.4∆𝜌−0.22 ∗ 휀𝐿𝑎𝑡𝑡

1.36∆𝜌+1.65
 Eq. 5-11 

However, it must be noted that the BCC lattices tested transverse to the build direction 

have low accordance with the regression model and should be treated with caution. This stems 

from the more significant variability in the experimental data for this set of specimens, as 

illustrated in Fig. 5-12. Moreover, it supports the observations in the deformed sample that an 

increased number of cracks have propagated along the print-plane (recall Fig. 5-22), causing 

disintegration. As the transverse strength of the material is solely governed by the inter-bead 

bonding strength i.e. the polymer matrix, the BCC specimens failing in bending are particularly 
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susceptible. Thus, suggesting that the stretching-dominated unit cell types should be favoured 

to guarantee repeatable performance. This sheds light on the importance of optimal processing 

conditions, allowing good fusion between layers to minimise weak spots and highlighting the 

importance of DfAM consideration in the part design. 

  
(a) (b) 

Fig. 5-33: Average material (a) constant and (b) exponent derived from a power-law fit for the cumulative 

energy absorption curves of the DGLs. Trendlines of the constants were established via (a) a power-law 

expression and (b) linear fit, respectively. Reproduced from [310] with permission from Elsevier. 

 

Likewise, the cumulative energy absorption curves of the CSGLs were also fitted with 

a power-law expression, as shown in Fig. 5-15. Here, an equally high goodness-of-fit measure 

as above was achieved. For this purpose, the mean values of the two tests were presented in 

Tab. 5-5. Compared to the DGLs, no distinct trend could be observed between the constants 

and the severity of grading. It is of note that SP lattices with the lowest and the GY with the 

highest grading severity performed slightly better (absorbed more energy for a given 

compressive strain) than the two remaining configurations.  

 

Tab. 5-5: Power-law constants of cumulative energy absorption of the CSGLs as a function of nominal strain and 

different severities of unit cell size gradient. Note C is the constant and m is the exponent. Reproduced from [310] 

with permission from Elsevier. 

𝑊 = 𝐶 ∗ 휀𝐿𝑎𝑡𝑡
𝑚  CSP CGY mSP mGY 

∆𝑼𝑪 = 3-4-5 173 68 1.67 1.95 

∆𝑼𝑪 = 3-5-7 94 45 1.82 2.04 

∆𝑼𝑪 = 3-6-9 83 54 1.84 2.03 
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5.5 Conclusions 

The work has provided not only insight into the elastic-plastic performance of short 

fibre-reinforced FGLs but also into critical DfAM factors, namely the building direction, 

examining manufacturing-related aspects of performance by testing the lattices parallel and 

transverse to the build layer. This offers a novel perspective on the influence of the fibre 

orientation on the lattice performance and deformation characteristics. The findings on the 

mechanical properties and behaviours of the lattices were embedded into Gibson-Ashby plots, 

providing a categorisation of the FGLs. Moreover, semi-empirical trends were determined, 

capturing the energy absorption capability for a given density gradient. Furthermore, stiffness 

estimations were derived with respect to a hypothetical fibre volume fraction lying above the 

one used as feedstock material, providing an outlook on another control parameter for fine-

tuning the lattice performance. This estimate centred on the Halpin-Tsai model. In conclusion, 

the major findings include:  

• Theoretical calculations based on the spring in series analogy were used to determine 

the total stiffness of the DGLs. It was found that a moderate density gradient in the SP 

lattices reveals a significantly improved total stiffness compared to the ungraded 

counterpart. In contrast, density-graded BCC lattices yield a similar modulus as the 

uniform equivalent. High ∆𝜌 results in a reduction in total stiffness, resulting in a 

modulus of the bending-dominated lattices that is only a fraction of the corresponding 

UDL of the same �̅�. In contrast, even stretching-dominated lattices with ∆𝜌
𝒉
 provide a 

total stiffness at least equal to that of the ungraded counterpart. Experimental 

measurements support the inverse correlation between the stiffness and ∆𝜌. These 

findings constitute the basis for future research into theoretical models that better predict 

the stiffness of FGLs based on experimental inputs. 

• More significant variability in performance was observed for the specimens tested 

transverse to the build direction compared to the ones tested parallel to the build 

direction. At high �̅�, it was found that the specimens tested transverse to the build 

direction were stiffer than the ones tested parallel to the build direction. Partly, this 

behaviour is assumed to stem from a greater share of fibres aligning favourably with the 

loading direction, i.e. in 0° and ±45°. This has been visualised with the help of slicing 

images and thus highlights the influence of the infill and manufacturing parameters. 

Furthermore, the study has also shown that both the bending- and stretching-dominated 
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FGLs (constant �̅�) tested transverse to the build direction and thus more in line with the 

principal fibre direction, provide a consistently higher stiffness than the counterparts 

tested parallel to the build orientation. Overall, this aspect of the work offers new 

insights into the crucial DfAM factor of build direction but in light of reinforced print 

material and thus subject to fibre orientation relative to the loading direction. It was 

concluded that the build set-up for a part with lattices of high relative density could 

significantly influence its stiffness (greater stiffness when loaded transverse to build 

plane). 

• It was found that the SP lattices of the same relative density and different severity of 

unit cell size grading are less stiff than the GY counterparts. Regarding the severity of 

unit cell size grading, a correlation with the stiffness could not be observed. Even the 

plasticity characteristics were identical. It was thus concluded that the relative density 

predominantly drives the elastic-plastic behaviour with no significant influence of unit 

cell size grading. This is in line with previous findings laid out in section 2.4.4, 

emphasising that the relative density is the key driver for the performance of lattices 

(recall all CSGLs have the same relative density). Therefore, as long as �̅�𝑈𝐶 remains 

constant between the domains of different unit cell sizes, the effect on the structural 

performance should generally be minimal. Nevertheless, the CSGLs still offer great 

applications for multi-physics applications. This means that grading the unit cell size 

can be beneficial, e.g., for altering the local permeability and surface-to-volume ratio, 

which is highly relevant in heat sinks. This knowledge helps simplify and thus accelerate 

the simulation of parts with CSGLs, as they can be treated as homogenised material with 

properties equal to that of an ungraded lattice of equal relative density. 

• Comparing the specific performance of the ungraded and graded lattices revealed that 

they could not match the corresponding ideally stretching- and bending-dominated trend 

predicted by Ashby [323]. In fact, the exponents for a stiffness/strength optimal lattice 

design at minimum mass for the UDLs tested in this work equated to values ≥3, which 

indicates that a precise categorisation into those categories is not well applicable for 

structured and fibre-reinforced lattices. Consequently, the original scaling laws and 

ranges for the material constant derived from foams must be reconsidered for these types 

of lattices. But more importantly, this categorisation highlighted the potential for fine-

tuning the relative modulus for a given density via grading. The elastic performance of 

the investigated lattices falls into the realm of foams and natural materials compared 
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with other common engineering materials. Employing the Halpin-Tsai model, an 

estimate of the stiffness for a fictitious 40% fibre volume fraction (maximum 

theoretically achievable with extrusion-based AM) was made, resulting in a three- to 

eightfold increase. An interesting aspect for future research would be to experimentally 

verify the performance and compare it to the semi-empirical model. This would help 

identify whether the performance of lattices scale with fibre volume fraction in a similar 

fashion as solids and to what extent the change in microstructure is dependent on the 

cell topology. 

• In light of the cumulative energy absorption capabilities, it was showcased that a more 

severe grading is detrimental for the BCC-based FGLs compared to the UDL with the 

same �̅�. On the contrary, SP lattices with ∆𝜌ℎ should be favoured when it comes to the 

cumulative energy absorption, given the deformation reaches beyond the densification 

onset strain of the corresponding UDL. From an application standpoint, normalised 

energy absorption graphs were created focusing on the peak stress corresponding to the 

absorbed energy. Here, density-graded BCC lattices outperformed the ungraded 

counterpart up to the equal density yield point. However, the performance of the 

stretching-dominated FGLs differed only marginally from the uniform counterparts.  

• Analogue to the elastic performance, no effect of unit cell type and severity of unit cell 

size grading was observed concerning the cumulative and normalised energy absorption 

curves. These findings provide evidence that the focus in DfAM with CSGLs must shift 

from the mechanical properties towards multi-physical properties. Here, the main 

differentiating factors and added values are to be expected. 

• A qualitative analysis of the deformation and failure characteristics demonstrated that 

cracks occurred predominantly along the print plane. More severe delaminations and 

debondings were observed for specimens tested transverse to the build direction. These 

explain the more significant variability in the load-displacement curves for this set of 

specimens. No visible cracks were found in the SP lattices tested parallel to the build 

direction, potentially owing to their stretch-dominated nature. Exhibiting almost 

exclusively cracks in the largest unit cells (recall constant bottom layer configuration of 

3x3 unit cells), the upper half of the CSGLs comprised of SP and GY unit cells generally 

remained intact.  

• Semi-empirical expressions for the cumulative energy absorption capacity as a function 

of the density gradient, unit cell type and build direction were provided. These can help 
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estimate the performance of a part in the early design stage without the need for 

excessive testing and help derive new scaling laws for lattices that do not only centre on 

the elastic properties. 

Referring to the idealised case study presented in chapter 2.1, this part of the work 

contributes to the understanding of the performance of FGLs for different parameters (e.g. 

relative density, gradient and type of grading, build direction, cell type, etc.). Thus, it helps 

inform better AM-designs through targeted and systematic application of FGLs, rather than the 

widespread expertise-driven approach (recall the lightweighting strategies as differentiated in 

Fig. 2-4 and reviewed in [67]). The knowledge on their elastic-plastic performance with respect 

to a specific relative density, density gradient and lattice-type facilitates the selection of an 

appropriate lattice configuration for an application, and the insights into the influence of the 

build direction on the FGL performance helps choose the best build setup (i.e. part orientation 

for printing). Moreover, it allows to derive analytical models, which would make a ground-up 

property prediction and hence design-choices more straight-forward. In fact, the subsequent 

chapter aims to investigate an approach to calibrate, interpolate, and finally model the elastic-

plastic structural behaviour of FGLs computationally efficient by drawing from this 

experimental data set.  

More significantly reinforced lattices (e.g. feedstock material with a fibre volume 

fraction greater than the 9% used in this work) in conjunction with an investigation into infill 

patterns and build direction would be a worthwhile trajectory exploring. Generally, fine-tuning 

microstructural features is envisaged to open up exciting research fields for those architected 

meso-structures, as the performance spectrum gets expanded. 

This chapter has established how FGLs with different topologies, grading types, and 

relative densities perform. Next, it is important to predict the performance of these architected 

lattices, i.e. employ numerical models that help accurately and efficiently simulate structures 

that include FGLs. This is key in streamlining the DfAM workflow as it accelerates the design 

and assessment of latticed structures in the early product design stage and reduces costly 

experimental testing. Thus, the following two chapters deal with this topic.
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Chapter 6 Investigation Into Modelling the Elastic 

Response of a Unit Cell 

 

6.1 Introduction 

With the design freedom of AM in conjunction with the emerging breadth of software 

tools allowing for grading and morphing of different unit cell types in 3D space (see Appendix 

K), abundant possibilities for the design of lattice topologies are provided. Thus, simulating the 

structural behaviour and approximating the mechanical properties without necessarily 

requiring experimental tests for each lattice configuration will be critical. Therefore, this 

investigation represents a crucial step towards realising the case study introduced initially 

(recall chapter 2.5.2). 

6.1.1 Modelling lattice geometries  

Additively manufactured metal- or polymer-based strut- and surface-based lattices have 

been the subject of investigation from an experimental and numerical standpoint in several 

studies [385–387] as showcased in the literature review (see Chapter 2). Within this research 

field, most studies focused on uniform density lattices; only a minority scrutinised FGLs [4–

11], as illustrated in Fig. 2-22(a). Studies up to date have almost exclusively performed 

simulations on the cell geometry, which is computationally expensive due to the numerous 

elements required for resolving the geometry accurately. Here, the material properties of the 

parent material are employed, as opposed to the experimental data that can be used to inform a 

homogenised model. Such an FEA that is representing the exact cell geometry becomes even 

more demanding the more extensive the lattice size [462]. The computational cost can be 

reduced for strut-based lattices by utilising 3D beams [358,410,457,462]. This is, however, not 

applicable for surface-based lattices, which have generally been modelled using tetrahedral 

elements [432,433]. However, due to the excessive number of facets, they are also less time-

efficient, as highlighted in [433]. Nevertheless, in [538], the use of shell elements for surface-

based Gyroid lattices has demonstrated savings on computational effort compared to models 

composed of tetrahedral elements. Even the more unusual finite volume method has been 

employed in [416], without any indication regarding potential advantages over the standard 

FEA method.  
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6.1.2 Modelling with homogenised properties 

Most work has focused on predicting the elastic response [307,416,433,438,465] of 

lattices, i.e. up to the initial yield point or elastic instability (e.g. buckling). Accurately 

predicting the plastic stress-strain response was often not possible, as shown by Gumruk and 

Mines [539]. While a better agreement was demonstrated for continuum solid element models 

rather than those modelled with beam elements,  a common source for the discrepancy is often 

attributed to the manufacturing inaccuracies and the resultant properties, which deviate 

significantly from the bulk [539]. Most commonly, the homogenisation approach (HA) 

presented by Steven [436] was employed to capture the effective lattice properties.  

Li et al. [438] used the HA to determine the effective stiffness matrix of gyroid-based 

unit cells, yielding the elastic anisotropy of the lattices. For this purpose, six FEAs need to be 

conducted to obtain the stress-strain response in 3D space. The relation between the stiffness 

and relative density was established theoretically using the OptiStruct 2017 software, 

employing an exponential scaling law. Similarly, material homogenisation was also employed 

for FGLs. In [6], homogenised properties of Schwarz-P lattices were expressed in a meta-model 

based on a statistical DOE (design of experiment) study on single-unit cells. Here, the von 

Mises stresses considering compressive loads were estimated. The displacements were 

predicted accurately, whereas stresses were associated with significant errors. 

Similarly, the homogenisation approach was applied on uniform density lattices 

(gyroid, diamond, primitive and iWP) under consideration of periodic boundary conditions in 

[440]. Here, the authors mapped the homogenised elasticity tensor as a function of relative 

density onto topology optimised structures, effectively representing a variable-density lattice 

structure. A comparative mapping approach whereby the discrete equivalent elastic properties 

of uniform unit cells were derived using the strain energy equivalent method and HA to predict 

the elastic properties of a strut-based FGL (BCC and FCC) was presented in [465]. For this 

method, the parent material’s modulus, the unit cell’s volume, envelope size, cross-sectional 

area, moment of inertia, and three additional undetermined coefficients were required to 

determine the homogenised Young’s and shear modulus as well as Poisson’s ratio. Overall, the 

approach of [465] yielded an accurate method for approximating the equivalent elastic 

properties. However, the authors emphasised improvements for reduced graded factors, i.e. for 

a smaller difference between the graded cellular member and the initial cellular member size.  
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In [21], the HA model was linked with a modified Hill’s yielding criterion, allowing 

for determining the plastic performance of a cubic lattice structure. The authors concluded that 

the yield properties obtained from experimental verifications on additively manufactured 

lattice samples tested in bending compare well with the predicted properties, making this 

method a good option for modelling FGLs. 

6.1.3 Numerical simulation versus analytical models 

Another important field in the research on modelling the structural lattice response is 

the comparison between different analytical models to identify the ones that are best suited to 

capture the behaviour of an extensive range of relative densities. Hedayati et al. [540] examined 

the elastic properties as obtained from compression tests on honeycomb lattices with analytical 

prediction based on Gibson and Ashby [284,535], Masters and Evans [541], the beam theories 

of Euler-Bernoulli and Timoshenko. Based on those, analytical relationships were established 

for the stiffness, yield stress and Poisson’s ratio and subsequently verified by FEAs conducted 

with the static nonlinear implicit solver of Ansys and beam elements. The authors [540] found 

that the prediction by Gibson and Ashby is only suitable for small relative density lattices. They 

explained the deviation in elastic modulus and Poisson’s ratio with an increase in relative 

density by the fact that the theoretical model neglects shear deformation and axial 

tension/compression in the beams. However, honeycombs' ratio between flexural and axial 

stiffness is not constant with relative density, causing a different structural response. 

Timoshenko’s theory was found to coincide nicely with the FEA model, both predicting 

Poisson’s ratio and elastic modulus well in comparison to the experiment. Including the 

findings on the yield stress, Hedayati et al. [540] concluded that the beam theories of Euler-

Bernoulli and Timoshenko are better suited for predicting the elastic properties over a greater 

range of relative densities. Generally, investigations into the effect of geometry on the elastic 

and plastic Poisson’s ratio has seen little attention [542], despite its importance for creating 

accurate models for such mesostructures.  

6.2 Methodology 

As outlined above, UCs or lattices can be modelled using the parent material properties 

applied to the corresponding topology or homogenised properties associated with a model that 

decoupled form the actual topology. The former shall be explored here to capture the local 

changes in the UC more realistically.  
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6.2.1 Unit cell geometries and finite element model 

UCs with constant wall thickness (spatially uniform relative density) and continuously 

changing wall thickness (spatially varying relative density) are examined. Similar to Chapter 

5, UCs with �̅� ranging from 0.2 to 0.8 and ∆𝜌𝑈𝐶 from 0.2-0.8 to 0.4-0.6, were investigated. The 

UCs with a graded density have a constant relative density of �̅�𝑈𝐶 = 0.5 (see Fig. 6-1).  

 
Fig. 6-1: Uniform and graded unit Schwarz-P unit cells investigated. 

 

The compressive behaviour of the experiments (see Chapter 5) shall be replicated. For 

this purpose, a voxel model of the SP lattice is created and constructed from hexahedral C3D8R 

elements for modelling with Abaqus/CAE. In [543], it was concluded that 3D elements should 

generally be favoured over, e.g. beam elements for open-cell foams of relative density greater 

than 0.1 [544,545]. This is due to the axial and shear deformations which become prevalent at 

larger relative densities, thus rendering the beam theory unsuitable [546]. To reduce the 

computational cost of the FEA, a quarter of the unit cell (QUC) is employed, whereby the 

symmetry of cell geometry is exploited. 

The lateral displacements of the inward-facing nodes (cutting planes) were constrained 

in the normal direction (see Fig. 6-3(a)) to accurately capture the unit cell response using a 

quarter model. A displacement load was applied via a multi-point coupling (MPC) constraint 

between the nodes of the top surface and a reference point/node where the load is applied, as 

shown in Fig. 6-3(b). The nodes on the opposite base surface were constrained in the normal 

direction. The other nodes coinciding with the bounding box of the UC (see purple elements in 

Fig. 6-3(d)) were either able to move freely in xyz-direction or constrained by a dummy node 

to enforce uniform displacement of all nodes on these faces. When measuring the lateral 

displacement of those outer face nodes, an average value was reported. 
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Fig. 6-2: Flowchart showing the steps from a triangulated SP unit cell to a quarter model FEA. 

 

Additionally, a self-contact was implemented, defining an element-based surface with 

the remaining unconstrained elements as depicted in Fig. 6-3(c). For this purpose, a nonlinear 

penalty pressure-overclosure relationship was defined for the ‘hard’ surface-to-surface 

interaction in the normal direction. The contact stiffness was penalised with the default 

parameters [447,547]. 

 
Fig. 6-3: Meshed quarter model of a uniform SP lattice illustrating (a) the boundary conditions and (b)/(d) 

multi-point constraints for (b) the displacement load and (d) the free or uniform displacement of boundary 

nodes. (d) element-based surface defining the self-contact.   

6.2.2 Material properties and mesh sensitivity  

As demonstrated in the experimental investigation (recall Chapter 5), the properties of 

the short fibre-reinforced FGLs revealed quasi-isotropic properties due to the low fibre volume 

fraction and the multiple toolpath orientations (compare slice shown in Fig. 5-17(b)). Assuming 

isotropic properties and perfect plasticity based on nylon PA12 material properties (yield 

strength of 36 MPa), it was initially investigated whether the supplied material data by 

Markforged Inc. [520,548] or those experimentally determined elsewhere [515,516] were able 
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to replicate the stiffness and yield strength measured experimentally successfully. Isotropic 

material properties were assumed based on the findings in Chapter 5, highlighting that the 

stiffness of lattices tested parallel and transverse to the build direction is comparable.  In this 

context, a mesh convergence study has been conducted, whereby the edge length of the unit 

cell domain has been discretised by 20, 40, 60, 80 and 90 elements.  

6.3 Results and Discussion 

6.3.1 Mesh-sensitivity and self-contact condition 

Fig. 6-4 showcases the mesh sensitivity analysis with different discretisation. As the 

difference in stiffness between the intermediate discretisation with 603 elements and the finest 

resolution was about 3% and 0.5% for the lowest and highest density lattice, respectively, it 

was chosen for the remainder of the work. For reference, the simulation of the compressive 

response of the QUC was modelled with and without self-contact; however, the self-contact 

model displayed softening after yield so that it could be ruled out as a suitable approach.  

 
Fig. 6-4: Mesh-sensitivity analysis based on the normalised stiffness of the uniform lattices of different relative 

densities (denoted by an integer in legend, e.g. 0.2). Unit cell edge lengths of 20, 40, 60, 80 and 90 were 

employed as indicated.  

6.3.2 Structural response of uniform density unit cells 

6.3.2.1 Material input properties versus experimental output 

As illustrated in Fig. 6-5, choosing the elastic parent material properties based on either 

the supplier material datasheet or according to previous experimental investigations did not 



 Investigation Into Modelling the Elastic Response of a Unit Cell 

- 168 - 

 

yield an adequate representation of the measured stiffness. The supplied material properties 

ranged from the pure matrix stiffness to the tensile and flexural stiffness of the composite 

material. Large discrepancies with the measured elastic modulus was observed. Especially the 

stiffness of the UC with �̅� ≤ 0.5 was not captured, and even for UC with �̅� ≥ 0.65, only 

different material properties could potentially match the experimental data. This highlights that 

3D printed models cannot be simplified by assuming perfectly homogeneous dense solids.  This 

suggests that the microstructure must be accounted for. This layered structure can be 

considered transversely isotropic and is loaded in the through-thickness direction. Thus, its 

compressive modulus is primarily governed by the matrix properties. However, by employing 

different material properties, a smaller tangent slope between stiffness and �̅� was observed 

compared to the experimental data. It is consequently assumed, that the microstructure changes 

in the printed specimens with increasing �̅�, which cannot be captured by this simple FEA 

model. Changing the Poisson’s ratio of the parent material was found to have only a marginal 

effect on the low-density lattice structures. Based on these results, the remainder of the 

investigation into the behaviour of the explicit SP geometry will focus on the normalised 

properties and focus on the effect of changes in cell topology and relative density. 

 
Fig. 6-5: Investigation into matching parent material elastic properties with the experimentally determined 

stiffness.  

 

The discrepancy between the input and output data for different relative density foams 

composed of the same cell wall material could be explained by morphological defects. The 

effects of such imperfections and on the elastic-plastic properties of foams have been discussed, 

e.g. in [545] and was reviewed in section 2.4.4.6. While the material distribution between the 
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cell wall edges and faces was found to have a minor influence on the modulus and peak stress 

on honeycomb foams [546], the cell face curvature and corrugations resulted in a reduction up 

to an order of magnitude [549]. The latter is significant in additively manufactured parts due 

to the inherent staircasing effect and can thus potentially describe the difference in input and 

output properties. Furthermore, the decrease in properties was more significant the lower the 

relative density [549]; likewise, the investigation revealed a higher discrepancy for the low-

density lattices.  

A topic still underrepresented within additively manufactured lattices are the effects of 

micro-porosity within the cell walls on the mechanical response. Nevertheless, non-destructive 

evaluation through CT scans is gaining traction. From investigations into metallic foam, it is 

known that these pores are the cause for crack initiation [550] and, as reviewed in [551], the 

inherent pores in AM-parts (subject to infill pattern and infill density together with other 

printing parameters) are detrimental to the stiffness and strength. Thus, the idealised 

assumption of dense solids in the model is overestimating the performance of the ‘flawed’ 3D 

printed lattices.  

6.3.2.2 Geometry-driven characteristics considering isotropic properties 

As indicated in Fig. 6-6(a), the elastic moduli are affected by the two different boundary 

conditions. As expected, if no constraints are applied laterally (i.e. ULF), a lower stiffness was 

recorded; however, the differences were greater the lower the relative density of the UC. While 

the focus shall be laid on the elastic region as this model does not consider fracture, it is worth 

noting that the simulations did only run for the initial part of the plastic plateau, as the 

penetration of elements and thus contact forces became excessive. Therefore, the method was 

not deemed expedient for reliably providing stress-strain data for large strains.  

Qualitatively, Fig. 6-7 summarises the recorded moduli, 0.2% offset yield strength and 

Poisson’s ratios for the corresponding uniform lattices. The relation between relative density 

and normalised stiffness is generally in the range described in the literature [284]. However, 

the experimental data (compare Tab. 5-4) suggest a higher material constant and exponent due 

to an overall lower stiffness (only the highest density lattice recorded a comparable normalised 

stiffness). This discrepancy is assumed to stem from the idealised model without pores (relative 

density and thus performance affected to inter-bead gaps present in FFF prints). Particularly, 

the experimentally determined exponent was found to be greater than 2, meaning the power-



 Investigation Into Modelling the Elastic Response of a Unit Cell 

- 170 - 

 

law curve maintains a small slope (minimal change in stiffness) for a larger range of relative 

densities (~�̅� ≤ 0.5), followed by swift increase in stiffness for �̅� ≥ 0.65. This can be 

explained by the fact that pores are more detrimental to the mechanical properties the smaller 

the feature size, as reviewed in detail [552]. 

  
(a) (b) 

Fig. 6-6: Stress-strain plots with uniform boundary conditions (UBC) and unconstraint lateral faces (ULF) for 

the uniform SP lattice of different relative densities. 

 

While the experimentally determined Poisson’s ratio was lower as predicted, a similar 

drop was observed from �̅� = 0.2 to ~�̅� = 0.5. From �̅� = 0.65 − 0.8  the Poisson’s ratio 

increases again, which could possibly be caused by the transition from an open-cell to a closed-

cell (recall Fig. 5-17), as this changes how the unit cell deforms (i.e. from bending to 

stretching). A similar decrease of Poisson’s ratio with increase in relative density was observed 

in [467] for IWP lattices. Here the values decreased monotonically from �̅� = 0.1 to �̅� = 0.3. 

6.3.3 Structural response of density graded unit cells 

As shown in the stress-strain data of Fig. 6-6(b) and highlighted in the histograms in 

Fig. 6-8(a), a distinct increase in stiffness and strength can be observed in the lower density 

gradient specimens. This is in line with the theoretical calculations, however, does not reflect 

the somewhat constant stiffness measured in the experiments (recall Fig. 5-13). Generally, a 

maximum of 10% difference between the modest and strongly graded lattices was recorded, 

which is less significant as calculated for the entire lattice (recall Fig. 5-24). This suggests that 

unlike UDLs, a single unit cell of a FGL cannot be used representative for the entire lattice. 
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(a) (b) 

Fig. 6-7: (a) Normalised Young’s moduli of the uniform lattices of different relative densities with the 

corresponding fit and the normalised 0.2% offset yield strength. (b) Elastic Poisson’s ratios were determined 

employing UBC or ULF conditions in comparison to experimentally measured values.  

 

Fig. 6-8(b) highlights that the elastic Poisson’s ratio decreases with an increase in the 

severity of density-grading for the stretching-dominated SP lattice. Moreover, it compares the 

numerically determined Poisson’s ratios of the FGLs to that of the uniform lattice of equal 

relative density subject to the two boundary conditions. As expected, a good agreement with 

the numerical simulation considering spatially uniform density was achieved for small ∆𝜌𝑈𝐶.  

 
 

(a) (b) 

Fig. 6-8: (a) Normalised Young’s moduli of the density-graded lattices of different relative densities with the 

corresponding fit and the normalised 0.2% offset yield strength. (b) Elastic Poisson’s ratios determined 

employing UBC or ULF conditions in comparison to experimentally measured values. 
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6.4 Conclusions 

In the second part of the chapter, the Schwarz-P unit cell geometry with uniform and 

graded relative density (change in wall thickness) was modelled, employing hexahedral 

elements. Assuming isotropic material properties, it was found that neither the pure matrix nor 

the composite (short fibre-reinforced nylon) material properties used as inputs in the numerical 

model was capable of matching the experimentally determined Young’s moduli for the 

corresponding uniform tessellated lattices. Generally, a better agreement was observed the 

higher the relative density, i.e. the closer the topology resembled a continuum solid that is less 

affected by defects, which was also reflected in the deduced scaling laws. Consequently, this 

highlights the necessity for modelling the microstructure together with the macrostructure to 

approximate the elastic properties more accurately if an explicit geometry model is utilised. 

The determined elastic Poisson’s ratio of the uniform UCs was around 0.35-0.41 and typically 

above the experimentally determined value. A decrease in Poisson’s ratio from �̅� = 0.2 to �̅� =

0.5 and increase for higher densities is assumed to be linked to the transition from an open- to 

a closed-cell topology.  

The investigation into continuously density-graded UCs confirmed the trend between 

grading severity and stiffness. Likewise, it was concluded that a piece-wise linear interpolation 

of the Poisson’s ratios for UCs with a low density-gradient (relative density up to 0.2) is 

appropriate. Considering the density gradient within the unit cell, it was observed that the 

elastic Poisson’s ratio decreases the higher the drop in cell wall thickness. Knowing the exact 

relation between the specific UC topology and its elastic properties is essential in informing 

better simulations in the future; however, it requires more sophisticated models. It has been 

demonstrated that there is a great demand for constitutive models that better account for AM-

specific applications (e.g. porosity, properties based processing conditions) to bring FEA and 

experimental results in line. Moreover, explicit geometric modelling of large and complex 

lattice structures requires immense computational power and time. Therefore, it is of great 

importance to find computationally efficient approaches to modelling architected lattices. 

Furthermore, it was shown that explicit geometric models do not lend themselves well for 

modelling the large strain behaviour (necessary due to the beneficial energy absorption 

characteristics of lattices) without the addition of more complex fracture models and that they 

are very prone to run into convergence issue due to high local element distortions. Thus, the 

next chapter will explore the homogenisation approach, introduced in section 6.1.2. 
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Chapter 7 Numerical Prediction of The Elastic-Plastic 

Compressive Response of Functionally Graded Lattices 

  

7.1 Introduction 

Modelling the geometry of a UC explicitly with solid continuum elements, as 

demonstrated in the preceding 0, is computationally expensive, which makes this approach for 

an entire lattice with variable UC topologies (FGLs) inefficient. Moreover, the approach has 

proven difficult or incapable of determining the parent material properties that replicate the 

experimentally measured elastic properties for a range of �̅�. More sophisticated numerical 

models taking microstructural, damage and fracture characteristics into account would be 

necessary. This is infeasible or too time-consuming for most design validation studies and 

generally creates additional bottlenecks in the AM workflows. 

Moreover, explicit geometric models are prone to result in unstable FE models, often 

running into convergence issues due to highly distorted elements/meshes and thus terminating 

prematurely. Therefore, it was found unsuitable for large-strain problems. Therefore, a 

computationally efficient yet reasonably accurate approach such as the homogenisation 

approach (HA) presents a potential solution which will be investigated in more detail in this 

chapter. A reliable modelling approach can build confidence in predicting the properties of a 

range of FGLs and helps assess different AM-designs quickly (i.e. what is necessary to fulfil 

the requirements associated with the idealised case study in section 2.5.2).  

7.1.1 Modelling large-strain response of UDLs and FGLs 

A few works have focused on approximating the elastic response [416,433,465] of 

FGLs. Still, as they offer significant advantages over monolithic materials in terms of energy 

absorption [310], which is considerably high during their plastic response, models must capture 

the characteristic for large strains. As introduced in section 2.4.5, the elastic properties are 

either approximated by treating the models as a von Mises solid [407,433] or by employing the 

homogenisation approach [433,436,444,465] to obtain the equivalent effective properties of a 

heterogeneous lattice. The following is focused on the studies considering the elastic-plastic 

lattice behaviour. 
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The large strain response of UDLs composed of TPMS and the strut-based BCC lattice 

has been modelled using Abaqus/Explicit 2017 with the in-build plastic model and isotropic 

hardening in [361]. The authors replicated the geometry of the unit cells utilising 3D solid 

elements as they found that in comparison to shell elements, they exhibit better convergence 

stability at large strains. In comparison to the stainless-steel lattices tested in uniaxial 

compression, it was found that the FEA underestimated the stiffness. Moreover, while the 

stress-strain plots generally suggested a good agreement with the experiment, the response of 

the surface-based lattices was underestimated. Conversely, it was overestimated for the strut-

based counterpart. Also, a better agreement was observed when the relative density of the UC 

was lower. Furthermore, Zhang et al. [361] attribute the overpredicted densification strain to 

the reduced shell and strut thickness and any discrepancies to the experiment to thickness 

variations. In fact, imperfections, defects or simple deviations in dimensions were found to 

compromise the structural performance [423]. 

In [553], 10-node tetrahedral solid elements (Abaqus/CAE) were used to model and 

subsequently simulate Kagome and tetragonal truss lattices in compression and shear for large 

deformations. Experimentally measured properties of the base material of Cu/Be cast alloy 

served as input data for the model. The softening and post-buckling response of the lattice 

models was captured, and the authors showcased an isotropic behaviour of the Kagome lattice 

beyond yield. In contrast, the tetragonal lattice revealed an anisotropic behaviour in shear. In 

[11], an octet truss lattice was examined, and it was found that the higher the relative density 

of the lattice material, the lower its degree of elastic anisotropy. In this work [11], a rate-

independent J2-plasticity model with isotropic hardening (piece-wise linear curve), based upon 

the base material properties of stainless steel 316L, was employed (Abaqus’s explicit solver 

with C3D8R elements). Compared to the experiment, the same plateau-like response before 

the densification was replicated. Furthermore, via FEA, it was shown that the elastic Poisson’s 

ratio decreases with high relative density and experimentally, it was observed that the plastic 

Poisson’s ratio is close to zero. While the study lacks a detailed comparison of the quality of 

the FEA compared to the experiment, it was shown numerically that the structural response of 

this lattice changes from stable to unstable for relative densities greater than 0.3. This suggests 

that a range of relative densities must be tested to inform more accurate simulation through a 

wider selection of material data.  

Studies have also employed phenomenological damage models such as Johnson-Cook 

[12–15] for large strain problems, as detailed in paragraph 7.1.2.1. Zhou et al. [432] employed 
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this damage model to approximate the elastic-plastic response of sheet- and network-based 

Gyroid metallic lattices with a modest density gradient under uniaxial compression. The 

authors concluded consistency when compared to the experimentally measured stress-strain 

data, especially for post-yield stresses. It can, however, be observed that the model 

overestimated the stiffness and fracture stress. Similarly, the study of Bai et al. [410] observed 

considerable deviations between the FEA model based on Johnson-Cook and the properties 

derived from the experimental compression test on metallic BCC lattices. The discrepancy was 

attributed to the influence of processing on the dimensional accuracy of the struts and porosity. 

On the contrary, Peng and Tran [538] observed that the FEA model captures the dynamic (blast) 

stress-strain data of graded Gyroid structures well, matching the elastic properties and 

providing good agreement during plastic deformation. 

In light of these studies into modelling FGLs, it must be noted that the local mechanical 

properties of the parent materials are typically unknown and hard or impossible to measure. 

Thus, the above attempts are computationally very expensive and difficult to benchmark. An 

alternative method centred on experimentally determined input properties is the Deshpande-

Fleck criterion [456], proposing two phenomenological isotropic constitutive models to 

approximate the plastic behaviour of open and closed-cell aluminium foams (Alporas and 

Duocel). This has later been expanded to transversely isotropic foams by Tagarielli et al. [554]. 

While these models have been shown to accurately capture the crushing characteristics of 

uniform relative density foam, their applicability for structured and density-graded lattices has 

not been investigated yet. Thus, this will be the subject of this part of the work.  

7.1.2 Crushable foam modelling 

Leading on from section 2.4.5.3, this induction focuses more specifically on how the 

large strain deformation behaviour of cellular materials can be modelled. A distinction is made 

between compressible and incompressible materials (i.e. volume-changing structures versus 

ones that do not affect the volume). Likewise, one speaks of volumetric/hydrostatic and 

deviatoric strains driven by the bulk ES and elastic modulus E, respectively.  

 𝐸𝑆 = 
𝜎ℎ

𝜀ℎ
    and   𝐸 = 

𝜎𝑑

𝜀𝑑
 Eq. 7-1 

Here, the volumetric strain 휀ℎ is the sum of the deviatoric strains 휀𝑑 in the three 

dimensions, i.e. 휀𝑥, 휀𝑦 and 휀𝑧.  A structure’s resistance to a change in volume is referred to as 

hydrostatic pressure p and is defined as the average of the three principal stresses, i.e. 
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 𝑝 =  
1

3
(𝜎𝑥𝑥 + 𝜎𝑦𝑦 + 𝜎𝑧𝑧) Eq. 7-2 

The deviatoric stress components 𝜎𝑑_𝑖𝑗 causes the structure to distort and is determined 

from the absolute stress 𝜎𝑖𝑗 and the hydrostatic pressure p, yielding 

 𝜎𝑑_𝑖𝑗 = 𝜎𝑖𝑗 + 𝑝𝛿𝑖𝑗 . Eq. 7-3 

7.1.2.1 Yield criterion for isotropic plastic foams 

Decomposing the stress tensor into the hydrostatic (Eq. 7-2) and deviatoric (Eq. 7-3) 

components ultimately translates to the following expression 

 (

𝜎𝑥𝑥     𝜎𝑥𝑦    𝜎𝑥𝑧
𝜎𝑥𝑦    𝜎𝑦𝑦    𝜎𝑦𝑧
𝜎𝑥𝑧    𝜎𝑦𝑧    𝜎𝑧𝑧

) ≡ (

𝜎𝐼 0 0
0 𝜎𝐼𝐼 0
0 0 𝜎𝐼𝐼𝐼

) = (

𝜎𝐼 − 𝑝 0 0
0 𝜎𝐼𝐼 − 𝑝 0
0 0 𝜎𝐼𝐼𝐼 − 𝑝

) + (

𝑝 0 0
0 𝑝 0
0 0 𝑝

). Eq. 7-4 

In this context, it must be noted that analogously the corresponding strain energy can 

be written as 

 
𝑊 =

1

2
𝝈: 𝝐 =

1

2
𝜎h: 휀ℎ⏟    

hydrostatic 

+
1

2
𝜎𝑑: 휀𝑑⏟    

deviatoric 

, 
Eq. 7-5 

whereby the deviatoric part is directly related to the equivalent von Mises stress 𝜎𝑉𝑀
𝑒𝑞

. Through 

tensor manipulations, as detailed in [555],  

 𝜎𝑉𝑀
𝑒𝑞
= √

3

2
𝜎𝑑_𝑖𝑗: 𝜎𝑑_𝑖𝑗 = √

1

2
[(𝜎𝐼 − 𝜎𝐼𝐼)

2 + (𝜎𝐼 − 𝜎𝐼𝐼𝐼)
2 + (𝜎𝐼𝐼 − 𝜎𝐼𝐼𝐼)

2] = 𝜎𝑌. Eq. 7-6 

This formulation is generally referred to as the von Mises yield criterion. It is used to 

predict at what stress a material starts to yield. It lends itself to analysing plastic deformations 

due to its independence of the first stress variant, i.e. the hydrostatic stress. This criterion can 

be visualised through a cylindrical bounding surface, as shown in Fig. 7-1. If the magnitude of 

the resulting principal stress is equal to or greater than the radius, it means the material/structure 

has yielded.  

As indicated above, modelling approaches for approximating the elastic-plastic 

response of FGLs to date have primarily employed the Johnson-Cook constitutive flow stress 

and failure model [452,453]. This was initially developed for dynamic loading (Hopkinson bar 

tests) of solid metals. The Johnson-Cook dynamic failure model has also been implemented 

into commercial FEA software such as Abaqus/CAE [454]. It defines the von Mises flow stress 

as 

 𝜎𝑦(휀p, 휀ṗ, 𝑇) = [𝐴 + 𝐵(휀p)
𝑛
][1 + 𝐶ln (휀p

∗)][1 − (𝑇∗)𝑚], Eq. 7-7 
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subject to the equivalent plastic strain 휀p, the plastic strain rate 휀ṗ and temperature T. Here, the 

material constant A is the yield stress, B and n constitute variables associated with strain 

hardening, C is the strain-rate constant and m represents the thermal softening fraction. 

 The corresponding fracture model assumes a critical stress value during plastic straining 

followed by a macro-crack, quickly accelerating the damage. For further information on the 

theory of the required material constants, the reader is referred to [452,453,556]. 

 However another constitutive model also capturing the isotropic hardening for metallic 

foams is the Desphande-Fleck criterion [456]. This yield criterion model is under investigation 

for this chapter and is hence discussed in more detail in the following.  

 
Fig. 7-1: The von Mises yield surface in a 3-dimensional principal stress coordinate system described as a circular 

cylinder with a radius of √3/2𝜎𝑦 around the hydrostatic axis. Reproduced under the Creative Common terms CC BY-

SA 3.0  from [557]. 

7.1.2.2 Deshpande-Fleck criterion for isotropic plastic foams 

In the seminal work of Deshpande and Fleck [456], a constitutive model for the plastic 

deformation behaviour of metal foams was introduced. The evolution of a yield surface under 

triaxial compression was hereby determined in the p-q plane (effective 𝜎𝑒 versus mean 𝜎𝑚 

stress plane), i.e. the equivalent (effective) von Mises stress (see Eq. 7-6) was plotted over the 

mean stress (see Eq. 7-3) for different hydrostatic pressures (probing regime starting from a 

pressure equivalent to the yield strength under hydrostatic loading to a pressure of zero, 
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representing a stress state for uniaxial axial compression). The yield function Φ was described 

as: 

 Φ ≡ �̂� − σY = √
σVM
eq
+ α2p2

1 + (α/3)2
− σY ≤ 0 

with 𝜎𝑚 ≡ 𝜎𝑘𝑘/3. 

Eq. 7-8 

Here 𝛼 is the shape/aspect ratio of the yield surface, describing an elliptical shape. Furthermore, 

the plastic strain rate 𝜖�̇�𝑗
p

 is given by  

 𝜖�̇�𝑗
p
=
1

𝐻

∂Φ

∂𝜎𝑖𝑗

∂Φ

∂𝜎𝑘𝑙
�̆�𝑘𝑙 Eq. 7-9 

and is assumed to be normal to the yield surface. In Eq. 7-9, H is the hardening modulus and 

�̌�𝑖𝑗 is the Jaumann stress rate. The plastic Poisson’s ratio in uniaxial compression is defined as 

  νpl =
1/2 − (α/3)2

1 + (α/3)2
 , Eq. 7-10 

and is governed by ellipticity of the yield surface.  

  In Abaqus/CAE [24], the Deshpande-Fleck criterion is implemented as ‘crushable foam 

plasticity’ [559] with either a volumetric or isotropic hardening, i.e. a differential or self-similar 

hardening model, respectively. The former assumes volumetric compacting plastic strain is 

governing the evolution of the yield surface, whereas the latter considers an equivalent plastic 

strain [559] and shall in the following be discussed in more detail as it constitutes the 

phenomenological constitutive model of Deshpande and Fleck [559], employed in this part of 

the work.  

A work-conjugate measure of plastic strain 휀�̂�𝑙 can be defined, such that �̂�𝑑휀̂̇ = 𝜎𝑖𝑗𝑑ϵ̇ij
pl

 

(Einstein’s summation convention applies). Together with the flow rule defined as  

  ϵ̇ij
p
= ϵ̇̂

∂Φ

∂σij
, Eq. 7-11 

휀̂̇ reduces to the applied compressive plastic strain 휀𝑝𝑙 in a test in uniaxial stress. The strain 

hardening of the material H, i.e. the slope of the Cauchy stress in a uniaxial stress state versus 

the plastic strain ℎ𝜎,  is defined by providing a history of �̂� versus 휀�̂�𝑙 

  H (휀�̂�𝑙,
σ

|σ|
) ≡ hσ(휀�̂�𝑙). Eq. 7-12 

This simplified self-similar expression has first been integrated into Abaqus by [560]. 

With the quadratic yield surface of elliptic shape defined as 
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  Φ ≡ (
σe
S
)
2

+ (
σm
P
)
2

− 1 ≤ 0, Eq. 7-13 

with S and P as the yield strengths under deviatoric and hydrostatic loading, constrained such 

that S = αP. The compression yield stress ratio, required for the isotropic hardening model, is 

thus given as 

  
σY
pY
= √

α2

1 + (α/3)2
  , Eq. 7-14 

describing the ratio between the initial yield stress in uniaxial compression and the initial yield 

stress in hydrostatic compression. In Abaqus, this ratio k is defined as 0 ≤ 𝑘 < 3. 

Fig. 7-2 represents the yield surface of Fig. 7-1 in 2D with the von Mises circle in the 

deviatoric stress plane.   

 
Fig. 7-2: The p-q or 𝜎𝑚-𝜎𝑒 stress plane describes the yield surface and flow potential underlying the crushable 

foam model with isotropic hardening characteristics. Here, 𝜎𝑐
0 represents the initial yield stress in uniaxial 

compression, 𝑝𝑐 the initial yield stress in hydrostatic compression. Redrawn from [559]. 

 

7.2 Methodology 

7.2.1 Utilisation of underlying experimental data for building the model 

Recalling from the previous chapter, the quasi-static compression behaviour of spatially 

uniform and non-uniform density lattices (UDLs and DGLs) was investigated (see Fig. 7-3). 

The true stress versus true strain response, calculated from the nominal compressive 

engineering stresses 𝜎𝐸𝑛𝑔 and strains 휀𝐸𝑛𝑔 as measured experimentally, are given as 

 𝜎𝑇𝑟𝑢𝑒 = 
𝐹

𝐴
    and    휀𝑇𝑟𝑢𝑒 = −ln(1 − 휀𝐸𝑛𝑔), Eq. 7-15 
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where F represented the applied force and A the current cross-sectional area. The area A for a 

given load was determined using image processing software ImageJ.  

 

As indicated in section 5.2.4, the strain data was calibrated for machine compliance. By 

utilising DIC, the elastic Poisson’s ratio 𝜈𝑒𝑙 was obtained from continuous measurements of 

the macroscopic axial and transverse strains (see Appendix N). The latter, 휀𝑖
𝑡𝑟𝑎𝑛𝑠,  was measured 

at each of the 6 unit cell layers and averaged, resulting in 휀𝑒𝑙
𝑡𝑟𝑎𝑛𝑠 = (∑ 휀𝑒𝑙_𝑖

𝑡𝑟𝑎𝑛𝑠)/𝑛𝑛
𝑖=1 . 

Subsequently, the elastic Poisson’s ratio was calculated as the initial slope of the −휀𝑒𝑙
𝑡𝑟𝑎𝑛𝑠 

versus 휀𝑒𝑙
𝑎𝑥𝑖𝑎𝑙 curve. Similarly, the plastic Poisson’s ratio 𝜈𝑝𝑙 is defined and calculated as  

 𝜈𝑝𝑙 = 
−𝜀𝑝𝑙

𝑡𝑟𝑎𝑛𝑠

𝜀𝑝𝑙
𝑎𝑥𝑖𝑎𝑙 = 

−(𝜀𝑡𝑜𝑡
𝑡𝑟𝑎𝑛𝑠−𝜈𝑒𝑙∗𝜀𝑒𝑙

𝑎𝑥𝑖𝑎𝑙)

𝜀𝑡𝑜𝑡
𝑎𝑥𝑖𝑎𝑙−

𝜎

𝐸

, Eq. 7-16 

assuming an additive decomposition of the total strain into elastic and plastic parts, thereby 

putting the measured elastic modulus 𝐸 and elastic Poisson’s ratio 𝜈𝑒𝑙 to use. While this ratio 

was increasing mildly with the increase in applied axial plastic strain, due to the reduction of 

the density of the solid, the constitutive model assumed the plastic Poisson’s ratio was constant. 

To best capture the lattice’s response during plastic deformation, an average value of 𝜈𝑝𝑙 was 

consequently recorded up to an axial plastic strain of ~0.3. Likewise, true stresses versus 

logarithmic plastic strains were computed, capturing the foam hardening characteristics. 

Approximately ten data points along these curves served as inputs to define the homogenised 

behaviour of the material in the FE simulations, as illustrated in Fig. 7-4. 

 
Fig. 7-3: (a)/(c) Uniform (�̅� = 0.35) and (b)/(d) graded (∆𝜌ℎlattices comprised of tessellated (a)/(b) BCC and 

(c)/(d) SP unit cells ready for testing. Reproduced from [521]. 
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(a) (b) 
Fig. 7-4: Illustration of measurements on the uniform SP lattice with �̅� = 0.2 and their post-processing. (a) True 

stress versus elastic or plastic true strain. (b) Transverse strain versus the axial strain curve was used to obtain the 

elastic Poisson’s ratio (up to 0.05 axial strain). It is of note that the noisy data was not considered. It was created 

at larger strains, possibly due to the setting of the specimen (sudden sliding between specimen and loading plate) 

or issues in the tracking of the reference points (speckle pattern) of the specimens by the DIC software. 

Reproduced from [521].  

7.2.2 Calibration of a phenomenological constitutive model 

The commercial software Abaqus/CAE 2018 [558] served as a means for the numerical 

simulation. All lattices were modelled as continuum solids obeying the Deshpande-Fleck yield 

criterion [456]. This constitutive model is implemented into the software as ‘crushable foam 

plasticity’ [559]. Isotropic hardening was selected for this model based on an elliptical yield 

surface given by Eq. 7-8. and on an associated flow rule (recall Eq. 7-11). Note, a work-

conjugate measure of plastic strain 휀�̂�𝑙 was defined here, such that �̂�𝑑휀̂�̇�𝑙 = 𝜎𝑖𝑗𝑑휀�̇�𝑗 (Einstein’s 

summation convention applies). A history of �̂� versus 휀�̂�𝑙, obtained as described in the previous 

section was provided to Abaqus. This captured the strain hardening of the material. The shape 

factor α is related to the plastic Poisson’s ratio, which is considered constant in the model and 

is given by Eq. 7-10. Ultimately, the compressive yield stress ratio (see Eq. 7-14) was fed into 

the constitutive model. 

 Assuming, e.g. a perfectly plastic foam with vpl ≈ 0, the shape factor α ≈ 2.12 and 

thus the yield stress ratio equates to √3. Here, we calculated the actual plastic Poisson’s ratio 

depending on the relative lattice density; thus, the adequate yield stress ratios of the UCs in the 

DGLs was determined for each interpolated Poisson's ratio based upon �̅�𝑈𝐶. The elastic-plastic 
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properties were determined by analysing the experimental compression test measurements on 

the five lattices of uniform density as described above. Key parameters used in the model are 

summarised in Tab. 7-1, which are mean values from the two tests conducted at each relative 

density. 

 
Tab. 7-1: Material data of the uniform SP and BCC lattices employed for modelling, reproduced from [521]. 

 SP / BCC (UDLs) 

Rel. density �̅� 0.2 0.35 0.5 0.65 0.8 

Elastic modulus E [MPa] 12 / 4 50 / 38 95 / 96 590 / 357 1477 / 625 

Elastic Poisson’s ratio νel  0.36 / 0.33 0.25 / 0.21 0.22 / 0.25 0.19 / 0.21 0.21 / 0.23 

Plastic Poisson’s ratio νpl 0.35 / 0.34 0.26 / 0.22 0.22 / 0.26 0.2 / 0.21 0.21 / 0.23 

Flow stress σf0 (at 0 plastic 

strain) [MPa] 

0.25 / 0.1 0.8 / 0.68 1.4 / 1.5 7.6 / 5.8 17.32 / 8 

 

For stochastic foams of various relative densities, it was found that the elastic and 

plastic Poisson’s ratios for the two lattice types do not vary monotonically with the relative 

density [284]. Therefore, piece-wise linear interpolation was used to determine the Poisson’s 

ratios, flow stresses, yield stress ratio and stiffness values for the individual unit cell layers 

(UCLs) of the DGL based on their �̅�. The foam hardening characteristics subject to relative 

density is illustrated in non-dimensional form (i.e. with flow stress normalised by the initial 

yield stress σf0) in Fig. 7-5. Here the markers represent the data points as calculated from the 

experimental stress-strain data; a finite number of points were used to model the foam 

hardening behaviour in Abaqus, whereby the last of these points (the point corresponding to 

the highest effective plastic strain) was assigned a very high flow stress σf to mimic the locking 

of plastic deformation at densification. Monotonicity in the supplied stress-strain data was 

ensured. 
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(a) (b) 

 (c) 
Fig. 7-5: Non-dimensional plastic foam hardening characteristics for various relative densities of the (a) BCC- 

and (b) SP-based UDLs. The initial yield stress normalises the flow stress, and the dashed lines indicate the 

densification. (c) Foam hardening interpolation scheme exemplified by the BCC lattice with a density gradient 

of ∆𝜌ℎ. Reproduced from [521]. 

 

7.2.3 Finite element simulations 

For the UDLs a single finite element (FE) was utilised for modelling the response, as 

illustrated in Fig. 7-6. To achieve uniaxial compressive loading, the displacement of the base 

nodes (A’B’C’D’) were constrained in the loading direction y. A displacement load was applied 

in z-direction at the top surface (nodes A, B, C, D). This simulation was conducted to ensure 

that the predicted response was in agreement with the measured experimental one, to verify the 

accuracy of the process described in Sections 2.4 and 2.5.  
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Fig. 7-6: Schematics of the homogenisation of lattices with uniform relative density. Reproduced from [521].  

 

Similarly, material properties were assigned to each of the 6 UCLs of the DGL based 

on the local 𝜌 of the UCL (see Fig. 7-7 and Fig. 7-5(c)). In addition to a one-to-one mapping 

resolution of properties to layers, a second simulation was conducted considering twice the 

discretisation, i.e. 12 layers of FEs along the DoG. A mesh sensitivity analysis was performed. 

Based on this, a structured mesh comprising 12 FEs (eight-noded brick elements with reduced 

integration, termed C3D8R) along each edge was chosen. For all analyses, the implicit 

commercial solver Abaqus Standard was employed. The simulations accounted for geometrical 

non-linearity, and automatic time increments were chosen.  

 
Fig. 7-7: Schematics of the homogenisation of lattices with continuously graded lattice density. Reproduced 

from [521]. 

  

To replicate the experimental test set-up, one of the two faces in contact with the loading 

plate was prescribed zero normal displacements. In contrast, the opposite face was displaced 

to induce an appropriate level of compressive strain. Three different boundary conditions 

regarding the lateral surfaces were investigated for the simulations of FGLs. Simulations were 

thus repeated comparing the case of i) Constrained lateral faces (CLF), i.e. vanishing normal 

displacements; ii) Unconstrained lateral faces (UCF); iii) Uniform boundary conditions (UBC), 
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i.e. all nodes on lateral faces displace by the same magnitude, and opposite faces have opposite 

displacements. UCF, resulting in a uniaxial stress state, is most realistically mimicking the 

conditions present in the test, aside from the shear stresses induced by frictional effects between 

the specimen and the loading plates. The UBC case was applied through the introduction of 

dummy nodes and by constraining the normal displacements of each pair of opposite lateral 

surfaces to the displacement of the dummy node in the same direction. This ensured that the 

pair of surfaces remained planar and parallel during deformation and expanded outwards by 

the same amount. This BC was meant to capture the response of FGLs extending indefinitely 

in the transverse directions (e.g. comparable to a large sandwich structure with a high aspect 

ratio between height and length). 

7.2.4 Case study - Intersected variable-density lattices (VDLs) 

As mentioned in section 2.4, changing a lattice’s relative density locally find wide-

spread application in topology optimisation. Here, the TO solution’s density field is mapped 

onto a lattice structure, resulting in intersected, variable-density structures. The crushable foam 

model opens the opportunity to effectively assess the elastic-plastic performance of such 

complex structures. 

A case study on intersected lattice structures and UDLs was conducted using the 

calibrated elastic-plastic crushable foam model. As density-based topology optimisation (TO) 

methods like SIMP (Solid Isotropic Material with Penalisation) lend themselves to creating 

variable-density lattices (VDLs), this case study shall compare their performance with UDLs 

considering equal-density structures. 

The SIMP method minimises for compliance C subjected to a volume constraint vf, 

defined as the ratio between material and design volume V(x)/V0, utilising the power-law 

approach [106], i.e. 

 𝑚𝑖𝑛
x
 : 𝐶(x) = U𝑇KU =∑  

𝑁

𝑖=1

(𝑥𝑖)
𝑝u𝑒

𝑇k0u𝑒  Eq. 7-17 

 subject to: 
𝑉(x)

𝑉0
= 𝑣𝑓   

 : KU = F   

 : 0 < x𝑚𝑖𝑛 ≤ x ≤ 1   

In this formulation, U, K and F represent the global displacement and stiffness matrix 

and the force vector, respectively. The lower-case counterparts represent the element-wise 
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quantities. With x constituting the design variable (relative density), the density of each element 

xi is constrained between x𝑚𝑖𝑛 and one. The TO-solution is considered unpenalised for 𝑝 = 1, 

yielding an optimal solution with an ill-defined greyscale topology. Thus, a penalisation factor 

of 𝑝 > 1  is commonly used with SIMP, producing a primarily solid-void (i.e. density values 

1-0) result. It is worth noting that such a result would still require a thresholding step for well-

defined boundaries. The penalisation stems from the Hashin-Shtrikman bounds as was 

described in section 2.2.2. 

This work utilises the Matlab® code by Liu and Tovar [477] for the TO. In this case 

study, three different cubic specimens comprised of 10×10×10 brick elements of equal �̅� were 

compared, as summarized in Tab. 7-2 and Fig. 7-8. Each of the examples was tested in 

compression with the same BCs as described in section 7.2.3. Two lattice structures were based 

on the penalised and unpenalised SIMP solution (SIMP3 and SIMP1, respectively). The 

penalised SIMP solution was intersected with a UDL with 𝜌ℎ = 0.8, whereas the density 

distribution of the unpenalised SIMP solution served as the blueprint for the intersection with 

variable (uniform) density lattices (VDL), making up a VDL structure. As the lattice response 

characteristics were defined between the lower and upper relative density bounds 𝜌𝑙 = 0.2 and 

𝜌ℎ = 0.8, the limits for xe were adjusted likewise. 

 
Tab. 7-2: Test case matrix for intersected structures composed of VDLs and UDLs. 

Cases 
Macrostructure (SIMP) Post-processing 

(density threshold) 

Lattice intersection/mapping 
�̅� 

𝑣𝑓 rmin p xi 𝑥𝑖 → 𝜌𝑖 

SIMP3 UDL 0.5 1.5 3 ]0, 0.8] 𝑣𝑓 ↔ �̅� with 𝜌𝑖=0.8 𝜌𝑖 = 0.8 

0.5 
SIMP1 VDL 0.5 1.5 1 [0.2, 0.8] n.a. 𝜌𝑙 to 𝜌ℎ 

UDL n.a. n.a. 𝜌𝑖 = 0.5 

 

SIMP3 UDL – To obtain a quasi-solid topology, a penalised SIMP was conducted with 

the element-density limited to 0 ≤ 𝑥𝑖 ≤ 0.8. A specific density threshold was applied in a 

subsequent post-processing step, resulting in a true ‘solid-void solution. The volume fraction 

vf of the TO-solution fulfils the necessary condition that the final structure equals �̅� = 0.5 

while every xi = 0.8. 

SIMP1 VDL – An unpenalised TO (p=1) was conducted with the density bounds 0.2 ≤

𝑥𝑖 ≤ 0.8, resulting in a true greyscale solution. Based on the computed relative densities, the 
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corresponding lattices, i.e. interpolated material properties, were mapped accordingly (𝑥𝑖 →

𝜌𝑖).  

UDL – This structure consisted of the same initial design domain with ten elements 

along each edge length while every 𝑥𝑖  was assigned lattice properties equivalent to  

𝜌𝑖 = 0.5. 

 
Fig. 7-8: (a) Compliance-iteration curves of penalised and unpenalised SIMP optimisations, yielding (b) 

variable density topologies. (c) Equal-density cubic specimen with the same outer dimensions. (d) Post-

processing stage of the SIMP3 UDL in which elemental densities are thresholded such that 𝑥𝑖 = 0.8 while the 

intersected lattice remains at 𝜌 = 0.5. (e) Intersected structures of equal density, composed of SP and BCC 

lattices with spatially uniform density. 

 

7.3 Results and Discussion 

7.3.1 Response of UDLs 

The comparison of the predicted compressive stress-strain response of the UDLs with 

the corresponding experimental measurements is illustrated in Fig. 7-9. An excellent agreement 

was found, confirming the validity of the post-processing and calibration approach described 

in sections 7.2.1 and 7.2.2. As expected, minor discrepancies between predictions and 

measurements were observed during densification (see, e.g. BCC with �̅� = 0.35 in Fig. 7-9(a)), 

as the constitutive model assumes a constant elastic modulus and plastic Poisson’s ratio. In 

reality, the stiffness increases with higher strains as it approaches that of the bulk material 

properties. Likewise, the plastic Poisson’s ratio as measured in the plastic plateau region is no 

longer the same once the cell walls start to coalesce. 
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(a) (b) 

Fig. 7-9: Comparison between the simulated and measured true stress-strain data of the UDLs comprised of 

(a) BCC and (b) SP unit cells for different relative densities. Reproduced from [521]. 

  

It is important to note that interpolation schemes other than the piece-wise linear approach 

shown in Fig. 7-5 have been examined. It was found that a polynomial fit did not guarantee the 

required monotonicity between the foam hardening stress-strain data and the relative density 

(e.g. stress at zero plastic strain did not increase monotonically with higher relative density). 

Another approach investigated here was a locally weighted linear regression (Matlab®-based 

surface fit ‘lowess’) to smooth data, as illustrated in the Appendix O. The drawback of this 

approach is that the fit no longer provides the exact experimental values provided to construct 

the foam hardening response surface. This led to over-and under-estimation of the foam 

hardening characteristics and was likewise discarded as the data did not produce FEA results 

that accurately replicated the experiment. As the UCs in the FGLs merely had a density gradient 

of ∆𝜌𝑈𝐶 = 0.1, the piece-wise linearly interpolated strategy was also deemed appropriate for 

the Poisson’s ratio, based upon the trend determined for higher ∆𝜌𝑈𝐶 (recall Fig. 6-8(b)). 

 Generally, it is worthwhile noting that the determination of non-dimensional data for 

the hardening characteristics will become key in capturing and modelling architected lattices. 

Due to the abundance and ongoing creation of new unit cell topologies in conjunction with the 

possibilities in functional grading and morphing and different print materials, many 

combinations are possible. Following the Buckingham-π-theorem [561], which states that if 

there are n variables in a problem or equation with k primary physical dimensions/units, then 

an equation relating all the variables can be rewritten with p = n-k dimensionless parameter 
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sets π1, π2, ..., πp. This means that the behaviour of the lattices can be described by 

dimensionless combinations of the physical variables, which would avoid excessive 

experimental testing to determine the lattice properties for different materials. Concretely, this 

would mean that, e.g. the lattice behaviour is simply captured by the geometry and relative 

density. This is captured by the constant of proportionality, similar to the approach Gibson and 

Ashby have followed. Consequently, lattices with the same topology but different Young’s 

moduli and yield strength can be modelled similarly. Thus, non-dimensional response surfaces 

combined with the proper interpolation techniques will accelerate the design exploration. 

7.3.2 Response of CSGLs 

As was showcased in Chapter 5 besides the DGLs, CSGLs with �̅� = 0.5 were 

investigated. As the relative density is a crucial factor driving the elastic performance, the 

above model is applicable, as proven in Fig. 7-10. Even though the foam hardening 

characteristics are slightly different, a good overall approximation of the nominal elastic-plastic 

behaviour can be achieved. Especially the densification behaviour was accurately captured. 

 
Fig. 7-10: Comparison of the experimentally determined nominal stress-strain behaviour of CSGLs comprised 

of SP unit cells with the numerical prediction of the lattice with equal relative density but uniform cell size.  

7.3.3 Response of DGLs 

7.3.3.1 Mesh-sensitivity and element aspect ratio 

With the cubic specimen comprised of 6 different unit cell layers of different average 

densities, a mesh-sensitivity analysis was conducted, examining the effect of a smaller seed 
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size through the thickness (i.e. in gradient direction) and the impact of the element aspect ratio 

on the results. Naturally, a finer mesh in the transverse direction, i.e. within a single unit cell 

layer, is not affecting the resulting performance. Thus, only the refinement in the parallel 

direction is pivotal to investigate. Large aspect ratio elements (cuboidal shape) with a 1x1x6 

mesh configuration, resulted in an identical modulus compared to a discretisation with elements 

of equal edge lengths (cubic with 6x6x6 elements). For an even finer mesh with 12x12x12 

elements, no differences were observed compared to the next larger mesh size. Fig. 7-11 

illustrates the configuration investigated for this purpose. Despite that, no influence of either 

high aspect ratio elements or a more refined mesh was found. Therefore, a 12x12x12 

configuration was chosen for the remainder of the work. It captures both models with 6 and 12 

layers of dissimilar material properties accurately and offers a better resolution of the flaring 

of the edges in the DGL when modelled with free edges (compare Fig. 7-12). From a 

computational standpoint, the time difference between these two resolutions was 47%. 

 
Fig. 7-11: Mesh-sensitivity analysis for the elastic stiffness and yield strength of the density-graded SP lattices, 

starting with six elements through the thickness (1x1x6), transverse meshing with 216 elements (6x6x6) and 

up to 1728 elements (12x12x12). Reproduced from [521]. 

7.3.3.2 Sensitivity of the predictions to boundary conditions 

The deformed shapes of the DGLs subject to the three different BCs at four selected 

macroscopic strains were qualitatively compared to the experiment as shown in Fig. 7-12. The 

unconstrained ULF case illustrated a similar shape as observed experimentally, whereby the 

low-density unit cell layer flare out such that the specimens eventually take a trapezoidal shape. 

However, it must be noted that the simulations predict a higher degree of non-uniformity in 

transverse strain than what was observed, which can likely be attributable to the absence of 

frictional effects in the FEA. 
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Fig. 7-12: Compression of an SP DGL with Δ𝜌𝑚 as measured or predicted with the three different sets of 

boundary conditions. Reproduced from [521]. 

 

The different BCs were also found to affect the predicted stress-strain curves as 

highlighted exemplarily for two BCC and SP DGLs meshed with 12 finite elements along the 

compression direction (see Fig. 7-13). While the stiffness is practically unaffected by the 

boundary conditions, the stress distribution in each layer was influenced, resulting in 

differences in the macroscopic compressive response at large strains. For the BCC lattices, a 

higher sensitivity to the boundary conditions was observed. The UBC case provided the best 

quantitative agreement with the measurements. Hence, the following results present results 

obtained with this BC.  
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(a) (b) 

Fig. 7-13: Effect of the boundary conditions on the stress versus strain response for (a) BCC and (b) SP DGLs 

with Δ𝜌𝑚. CLF: constrained lateral faces; ULF: unconstrained lateral faces; UBC: uniform boundary 

conditions. Reproduced from [521]. 

7.3.3.3 Accuracy of the predictions  

Measured and predicted nominal stress-strain data is contrasted in Fig. 7-14 for the 

density-graded bending- and stretching-dominated lattices. Broad agreement was observed 

with a particularly good prediction of stresses at large strains for the SP lattices. Generally, a 

stiffer response was predicted (i.e. higher stresses are predicted for the same strain) compared 

to the measured stresses. The presence of damage mechanisms in the experiments is assumed 

to be the source for this discrepancy, which are not included in the modelling strategy adopted 

here. As considerable stress concentrations are present in the joints of the x-shaped member of 

the BCC lattice, it is more prone to microcracking. A higher disparity was apparent in the 

bending-dominated lattice, which supports the assumption of uncaptured dissipative 

mechanisms in the model. As was shown in Fig. 5-20, the effective surface area is the lowest 

in BCC-based DGLs; thus, such defects are more detrimental for the bending-dominated lattice 

than in the stretching-dominated counterpart, which might have also led to an overprediction 

in the BCC lattices with ∆𝜌. 
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(a) (b) 

  
(c) (d) 

Fig. 7-14: DGLs comprised of (a)/(c) BCC and (b)/(d) SP. Comparison between experiments and predictions 

employing UBC with meshes of 12x12x12 elements. In (a)/(b), the FGLs are discretised by six layers (in the 

thickness direction), each having uniform material properties. In (c)/(d) 12 layers are considered. Reproduced 

from [521]. 

 

In Fig. 7-15(a)/(b), a quantitative comparison of the stress-strain behaviour was 

presented, showing that discretising the DGLs by 12 layers of finite elements with uniform 

properties gave marginally better predictions for the stiffness of the lattices than discretising 

the DGLs by six uniform layers. It is worth noting that further refinement of the assumed 

homogenised density gradient (i.e. discretisation with more than 12 layers of different �̅�𝑈𝐶), 

implying a smoother variation of mechanical properties along the DoG, is not physically 

representative of the local mechanical response of the solid and it was therefore not pursued 



 Numerical Prediction of The Elastic-Plastic Compressive Response of Functionally 

Graded Lattices 

- 194 - 

 

here. In addition, the theoretically calculated stiffness was included, as obtained from the spring 

in series analogy (recall section 5.2.5), which showcased a steeper increase in stiffness with 

the density gradient (affected by the fitting function). Overall, a better estimate for the BCC 

was achieved as compared to the FEA. Equally better was the estimate for intermediately 

graded SP lattices, whereas, at the extremes, differences to the experimental data exceeded the 

predictions of the FEA. 

  
(a) (b) 

  
(c) (d) 

Fig. 7-15: (a)/(b) Comparison of the initial stiffness and c)/(d) the flow stress at 5% total strain, between 

experiment, numerical prediction and theoretical estimate for different DGLs (a)/ (c) BCC and( b)/ (d) SP 

DGLs. All predictions are obtained with UBCs and FE meshes of 12x12x12 cubic finite elements. Reproduced 

from [521]. 

 

The discrepancy between the FEA predictions and the theoretical estimate can most 

likely be attributed to the fact that, e.g. lateral deformations (i.e. the Poisson’s ratio) were not 



 Numerical Prediction of The Elastic-Plastic Compressive Response of Functionally 

Graded Lattices 

- 195 - 

 

considered in the theoretical approach. Moreover, the theoretical estimate follows a power-law 

fit, while Abaqus presumably calculates the stiffness assuming a discrete variation of the elastic 

modulus along the DoG. Fig. 7-15(c)/(d) also displays how well the model predicted the 5% 

flow stress in the plastic region. Similarly, an overprediction was observed for the BCC lattices, 

whereas a better agreement was recorded for the SP lattices.  

 In summary, Fig. 7-16 compares the simulated and experimental stress-strain results of 

lattices with equal relative density, highlighting the effect of density-grading. While the DGLs 

with Δ𝜌ℎ showcased a weaker response at small strains than the UDLs with the same �̅�, they 

perform better at more significant strains. As these lattices lend themselves for an energy-

absorption application, it is worth noting that the energy absorption at a given strain may not 

only be higher or lower than that of the UDLs but can further be fine-tuned via the severity of 

grading chosen. Thus, further optimisation methods may be employed based on the provided 

data in this work to determine the optimal grading strategy for sophisticated AM products. In 

light of optimisation, variable density lattices may also be used for TO solutions, as discussed 

in the following. 

  
(a) (b) 

Fig. 7-16: Comparison of measurements and predictions of uniform and graded (a) BCC and (b) SP lattices of the 

same average relative density. Reproduced from [521]. 

7.3.4 Performance of intersected VDLs versus UDLs 

 From the nominal stress-strain curves in Fig. 7-17 it was observed that the SIMP3 UDL 

solution outperformed the SIMP1 VDL and UDL structure in terms of stiffness and strength. 

Both the SIMP-derived structures displayed load-drops; the penalised after a strain of 0.1 and 



 Numerical Prediction of The Elastic-Plastic Compressive Response of Functionally 

Graded Lattices 

- 196 - 

 

the unpenalised after 0.3, respectively. This stems from structural instability (SIMP3 UDL 

consists of smaller features) and consecutive crushing of foams with below-average relative 

density (SIMP1 VDL). Particularly the SIMP3 UDL structures showcase an abrupt decrease in 

stress, as the hollow structures (compare Fig. 7-8) start to collapse/buckle. In contrast, the UDL 

and unpenalised VDL structures represent solid models with a response to the compression 

load that is primarily controlled by the underlying constitutive behaviour. The deformation 

characteristics in the penalised VDL are governed not only by the crushable foam model but 

also by the geometric non-linearity. Due to the large strain deformation, this has been 

accounted for in the FEA model (recall section 2.4.5.3), ensuring convergence despite 

significant local element distortions/rotations. 

While the strength and stiffness values reflect the same trend as shown in Fig. 7-9, 

favouring the bending-dominated SP lattice configurations, the drop in stiffness and yield 

strength (0.2% offset stress) from SIMP3 UDL to SIMP1 VDL and UDL cases is more 

significant for the intersected structure comprised of SP unit cells. Particularly the VDL with 

BCC unit cells recorded a high yield strength. 

  
(a) (b) 

Fig. 7-17: Nominal stress-strain and cumulative energy absorption versus nominal strain data of the 

intersected and uniform lattice structures composed of (a) BCC and (b) SP lattices. 

 

From Fig. 7-17 it was examined that a VDL outperforms a UDL of the same mass in 

terms of stiffness, strength, and energy absorption (at least up to a strain of 0.3). Thus, a 

variable-density solution should be favoured, particularly in the context of compliance-driven 

TO structures, which are commonly used as a blueprint for latticed components. While the 

penalised SIMP solution yields higher compliance than the unpenalised SIMP (see Fig. 7-8(a)) 
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the opposite trend was observed once the TO solution was intersected with a lattice. As 

indicated by the experimentally determined scaling laws for the stiffness of the UDLs (recall 

section 5.4.2.5), the measured material exponent was higher than the penalisation power used 

in SIMP. This means at �̅�𝑙 to �̅�𝑚 the stiffness remains low. Only at the �̅�ℎ, a considerable 

increase in stiffness was recorded. This may explain why the initial performance deficit of the 

penalised SIMP solution was turned over.  

7.4 Conclusions 

This work presented a computationally efficient approach for modelling the elastic-

plastic and densification behaviour of functionally graded strut- and surface-based lattice 

structures (BCC versus SP) by carefully calibrating a phenomenological constitutive model. 

Experimental data from quasi-static compression tests of UDLs of five different relative 

densities were used to predict the elastic-plastic response of differently DGLs and CSGLs via 

interpolation. A good qualitative and quantitative agreement between experiments and 

predictions was found, including the sequential load-drops identified in the early phase of the 

plastic regime and the densification at large strains. The correlation between the severity of 

grading and Young’s moduli and yield strengths, previously calculated theoretically via 

integration, was confirmed by the finite element analysis and was reflected by the measured 

data of the strut-based FGLs. While this trend has also been predicted for the surface-based 

counterparts, the experiments instead suggested a performance equivalent to the relative 

density of the DGL as no such explicit relation between gradient and the stiffness/strength 

could be identified.  

A case study, taking up a typical application of variable-density lattices, namely the 

mapping or intersection approach with topology optimised structures, presented how graded 

solutions outperform designs with uniform lattices concerning stiffness, strength, and energy 

absorption.  

With the rising part complexity emerging from generative design approaches driven by 

additive manufacturing as the catalyst, computationally efficient ways of simulating their 

performance will become paramount. Thus, the accurate homogenisation of the material 

properties together with determining the right modelling approach is critical. This work has 

shown a new and effective way of simulating FGLs, easing the assessment of AM-designs. 

This part of the work has elucidated the applicability and limitations of an existing constitutive 
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model in predicting the large strain behaviour of architected lattices. Together with the 

presented interpolation approach, it represents a significant contribution to the knowledge gap 

on how to efficiently model FGLs. 

It can be concluded that this work has provided new insights into the performance and 

simulation of FGLs (see chapters 5-7), and has expanded the knowledge on DfAM with FRAM 

(see chapters 3-4), which contribute to exploiting the untapped lightweight potential of AM 

(recall the idealised case study in section 2.5.2). The next chapter will summarise the key 

contributions in those fields and provide an outlook for future work. 
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Chapter 8 Conclusions and Future Work 

8.1 Concluding Remarks 

8.1.1 Reflection on research 

Motivated by the untapped potential in the design for additive manufacturing (DfAM) 

and driven by the vision for high-performance parts, as outlined in section 2.5.2, this work 

presented multi-faceted research, expanding the boundaries of knowledge in the field of DfAM, 

fibre-reinforced additive manufacturing (FRAM) and lattice structures. Through this work a 

better understanding how to harness the ability of additive manufacturing (AM) to realise 

advanced lightweight structures was achieved. Recalling the DfAM frameworks and concepts 

in section 2.2.1, the findings contribute to better informed decisions during the design and 

process planning stage. The former refers to the case when and how advanced architected 

lattices should be applied to an AM-design. The latter concerns the assessment of the 

advantages of a given toolpath strategy for FRAM in terms of performance, economy and 

manufacturability. Both have significant advantages from an economic and environmental 

standpoint. Less material can be used due to a more efficient fibre placement with FRAM and 

strategic utilisation of material through functionally graded lattices (FGLs). Moreover, the 

weight-reduction in moving parts leads to significant energy savings, which also benefits the 

end consumer. 

In concrete terms, this research manifests itself through i) the investigation and 

development of new infill patterns for FRAM under consideration of DfAM indices (e.g. print 

time, print path undulation, etc.) to provide guidelines for improved process planning, ii) the 

determination of the effect of grading the relative density and unit cell size of lattices on the 

elastic-plastic performance, iii) the examination of the differences in performance and 

deformation characteristics of strut- and surface-based FGLs (subject to the build orientation 

and compared to common engineering materials and scaling laws) and iv) the establishment of 

a computationally efficient approach for simulating/predicting the large strain compressive 

response of architected cellular solids.  

8.1.2 Summary of research outcomes 

1. Development of novel toolpath strategies and design guidelines/assessment criteria for the 

process planning with fibre-reinforced composites (Chapter 3 and 4):  
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Despite the growing demand for high-performance AM parts, the status quo of FRAM 

is characterised by a limited number of commercial printers with proprietary software. It was 

found that currently available closed-source slicing software significantly constrain control 

over the process plan (i.e. toolpath and fibre steering). Thus, the achievable mechanical 

performance and efficacy regarding fibre utilisation with a closed-source FRAM printer were 

determined to be insufficient. Furthermore, it restricts investigations into the effect of infill 

patterns and process parameters on the performance, which in turn hinders the optimisation of 

process planning for FRAM.  

A custom FRAM printer was developed together with a method for generating infill 

patterns to expedite the investigation into process-property-relationships. New infill strategies 

were proposed to overcome the restrictions of a conventional slicing software. Unlike 

conventional slicers, the developed open-source solution for the G-code generation from a slice 

image, included the consideration for the minimum fibre length and cutting processes. This 

constitutes an efficient approach to creating unconstrained toolpaths and thus paves the way to 

realise tailored infill patterns that facilitate manufacturability or exploit the inherent material 

properties of the fibres with greater efficacy. It can be concluded that the printing of continuous 

rather than short fibres pose significantly greater challenges in terms of manufacturability (e.g., 

printer calibration, fine-tuning and coordination of soft- and hardware). It was concluded that 

a very low machine compliance, high process accuracy and repeatability is required to ensure 

good print results.   

By comparing novel and more versatile/adaptive infill strategies with currently 

available patterns for FRAM, guidelines for the design with composites and necessary 

functionalities for future slicers were identified. For instance, it was determined that the newly 

developed custom infills MPS (main principal stresses) and MAT (medial axis transformation) 

achieve a good balance between part performance, manufacturability and economy over 

conventional/generic infills. The MPS-infill is geared towards performance as the toolpaths 

guided by the principal stresses, whereas the MAT-infill guarantees an accurate geometric 

representation of all features within a slice as it is directed by the medial axis. It was confirmed 

that infills tailored to the stresses outperform current infill strategies for FRAM; thus, providing 

a more efficient material utilisation. For the first time, this was also established under 

consideration of standard manufacturing constraints such as minimum fibre length, multi-

material printing and guaranteeing contour paths. Even the less computationally expansive 

novel geometry-driven MAT-infill approach offered potential for performance gains over some 
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conventional infills such as ‘grid’ and ‘concentric’. However, it is important to note that the' 

concentric' infill offers a good generic solution for simple/low-complexity shapes (few 

boundaries and small difference between the maximum and minimum feature size). A newly 

introduced performance index, based upon an analysis of a structure’s sensitivity to fibre angle 

deviations and with consideration of local elemental stresses, successfully helps assess and 

estimate an infill’s achievable mechanical performance. It was consequently deemed a useful 

tool for highly anisotropic print materials. 

Moreover, by drawing inspiration from comparable manufacturing techniques like 

tailored fibre placement, this work is the first to assess manufacturability closely. Here the 

sinuosity index of fibre paths of different infills was examined, which impairs performance due 

to a likely increase of pores between paths and the interruption of load paths. An experimental 

verification using S-FRAM supports this assumption. Likewise, the aspect of minimum fibre 

length was considered, showcasing which infills can realise the highest fibre content and how 

the structure performs assuming a realistic multi-material print. This revealed that the both the 

concentric and custom infills can outperform conventional grid patterns (45 or 0/90). 

In conclusion, these findings provide insight into a selection of well-chosen assessment 

indices for FRAM that help identify the advantages and disadvantages of choosing a specific 

infill strategy over another. These findings are of immense importance for the development of 

next-generation slicers and infill strategies for FRAM. The work has offered a new perspective 

on DfAM with FRAM, which is crucial in harnessing material anisotropy. 

 

2. Compilation of the first comprehensive database on fibre-reinforced functionally graded 

lattices (Chapter 5):  

Extensive quasi-static compression tests on short fibre-reinforced strut-based body-

centred-cubic (BCC) and surface-based Schwarz-P (SP) and Gyroid (GY) periodic lattices with 

both uniform relative density and continuously graded unit cell density and cell size provided 

new insight into the performance of advanced lattices structures. This newly presented database 

offers valuable insights into the differences in the elastic-plastic performance of i) bending- 

and stretching-dominated lattices, ii) the effect of the severity of grading with respect to a given 

relative density, iii) the build direction, iv) lattice type and v) relative density.  

Investigations into BCC and SP with relative densities ranging from �̅� = 0.2 to �̅� = 0.8, 

revealed higher constant and exponents for the scaling law (relation between �̅� and the lattice 
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stiffness as proposed by Gibson-Ashby). In fact, the long standing statistical values for these 

laws, based upon stochastic cellular solids with low relative densities, have also recently been 

questioned, as geometric details are not captured [70]. Indeed, the findings of this work 

attribute the periodic nature of the examined lattices, i.e. the influence of manufacturing (AM 

enabling structured versus foaming produces stochastic cellular solids) to this deviation. 

Moreover, it was inferred that the causes are the generally higher �̅� investigated in this work 

and the significant change in topology and microstructure (influence of fibre reinforcement) 

with change in �̅� as observed for the selected lattice types. The deduced scaling laws for a 

stiffness-limited lattice design at minimum mass, according to Ashby’s methodology 

[533,534], suggest a mixed loading-case/objective closer, which does not allow an assignment 

to neither bending- nor stretching-dominated characteristics.  

Likewise, it is worth mentioning that the bending-dominated lattices yielded a lower 

stiffness for the same �̅� (~10-20%), while the difference between the build directions (load 

parallel or transverse to build direction) remained marginal at low �̅�. Only for high �̅�, it was 

observed that the build direction does favour the transverse tests direction, which is attributed 

to a favourable alignment of fibres. Consequently, for design with high specific stiffness, 

stretching-dominated design should be favoured and given adequate process quality, the 

arrangement of lattices with respect to building and loading direction becomes only significant 

at high �̅�. Though the elastic-plastic performance of specimens tested transverse to the build 

direction is more variable, especially due to a greater likelihood of delaminations and 

debondings along the build pane. 

Given the same relative density, the effect of continuously grading the unit cell density 

has a significant influence on the lattice’s elastic performance, whereas grading the unit cell 

size results in an unchanged modulus and yield strength. Lattices with a modest density 

gradient result in a higher stiffness than more severely graded lattices; however, the effect was 

more prominent in the bending-dominated lattices. Theoretical calculations based on the spring 

in series suggest even improvements over the uniform counterparts. Experimental 

measurements support the inverse correlation between the stiffness and ∆𝜌 but cannot confirm 

the same improvements over the uniform lattice with equal �̅�. This inferred a significant 

dependence on the fit used to express the scaling law. While ideally stretching- and bending-

dominated stiffness [323] could not be achieved for small �̅�, it was shown how grading the 

relative density within a lattice can help increase the relative modulus and thus emphasises the 

scope for fine-tuning part performance by strategically controlling the material distribution. A 
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deviation from the ideal behaviour is assumed to stem from imperfections caused by the layered 

manufacturing approach. Considering a higher fibre volume fraction, approaching the 

manufacturable limit, it was estimated via the Halpin-Tsai model that the stiffness can be 

improved three- to eightfold. The UDLs (uniform density lattices) and FGLs analysed here 

have a comparable specific stiffness as typical foam and natural materials. The new datasets 

are a valuable expansion to the material libraries from which designers and engineers can 

choose from for future applications and critical for the DfAM with lattices as it helps inform 

more accurate numerical models.  

Cellular solids lend themselves well to energy absorption, which was further elucidated 

concerning the cell type and FGLs. Surface-based UDLs were found to absorb more energy up 

to the densification onset as strut-based lattices. Severe density grading demonstrated the 

potential for improving the cumulative energy absorption capability over uniform lattices for 

large strains and even the normalised energy absorption at small strains. Together with the 

ability to tune the energy efficiency by grading the relative density within a lattice, FGLs 

provide unique benefits to optimised AM-designs. Similar to the scaling laws by Gibson-

Ashby, semi-empirical formulations for the cumulative energy absorption subject to build 

direction, cell type and severity of grading were formulated, which serves as an initial estimator 

and likewise as a reference for the energy absorption capability of other FGLs. Analogue to the 

elastic performance, grading the unit cell size within a lattice does not affect the plastic 

performance and is thus only governed by �̅�. It was observed that in the scientific discussion 

on the energy absorption of cellular solids, little attention is given to a lattice’s characteristic 

material behaviour like the densification (onset). These material parameters should be used 

more often when discussing and comparing the energy absorption capability. In fact, the 

densification measurements of these periodic lattice structures have shown to no longer fit the 

original Gibson-Ashby fit/estimate, which is confirmed by recent works in the field. By 

employing the energy efficiency method [524], a reasonable means for analysing lattice’s 

plastic performance was outlined. An exciting finding not observed in other works on FGLs 

yet, is the deformation of the lattice into trapezoidal shapes, meaning the application of, e.g. 

periodic boundary conditions for simulations are not suitable for simulation.  

These contributions to the knowledge of functionally graded fibre-reinforced lattices 

serve as a basis for the greater adoption of architected lattices into AM-designs. Having an in-

depth understanding of the performance of these structures with respect to the grading severity, 
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build direction and fibre orientation as well as cell type, is the premise for their targeted 

application in industry and consequently gateway for more advanced lightweight products. 

 
3. A novel and efficient methodology for predicting the elastic-plastic characteristics of 

functionally graded lattices under large strain deformation (Chapter 6 and 7): 

Architected lattices encompass an immense variety of different lattices due to the 

number of combinations between lattice types (strut-, sheet- and surface-based) and lattice 

manipulation techniques (density grading, cell size grading, hybridisation, topology 

optimisation, etc.) and thus require a universal and computationally efficient and robust method 

for simulation.  

It was examined that a finite element analysis simulating the explicit SP unit cell 

geometry oversimplifies the additively manufactured lattices and fails to accurately replicate 

the measured elastic stiffness and Poisson’s ratio across different cell topologies. Nevertheless, 

it provided insightful data on the stiffness, yield strength and Poisson’s ratio with respect to the 

unit cell’s relative density and severity of density grading. For instance, it could be deduced 

how the Poisson’s ratio decreases with higher �̅� (even monotonically for small �̅�); however, 

similar to the experiments, a levelling off when the cell topology transition from open- to 

closed-cell was determined. The explicit geometry model results in a scaling law for the elastic 

stiffness that matches the empirical scaling law by Gibson-Ashby well, supporting the fact that 

microstructural aspects play a significant role as the experimental results suggest a different 

relationship. Together with the observed behaviour of the stiffness and Poisson’s ratio with the 

grading severity (both monotonically increase the lower the difference between 𝜌𝑈𝐶𝑚𝑎𝑥 and 

𝜌𝑈𝐶𝑚𝑖𝑛), a piecewise interpolation approach followed by the homogenisation approach 

presented in chapter 8 was legitimised. 

By calibrating the phenomenological constitutive model by Desphande-Fleck using 

interpolated and homogenised material data of UDLs, the elastic-plastic behaviour of FGLs 

could be predicted at a fraction of the computational cost as the explicit geometry model. 

Accordingly, the constitutive model enabled the simulation of the large strain response with 

ease. In contrast, the explicit geometry model requires complicated self-contact conditions and 

ideally fracture models to replicate the experiments accurately. In creating a stacked crushable 

foam model based upon the rich dataset on surface- and strut-based UDLs, a good qualitative 

agreement to experiment was achieved for FGLs up to the lattice densification. A better 
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agreement with was observed for the stretching-dominated lattices, inferring more uncaptured 

dissipative mechanism in the strut-based FGLs. The model centres on the newly established 

non-dimensional foam hardening characteristics. These can be used independently of the 

material properties and can thus model a range of different lattices at a relatively low 

computational cost and minimum additional experimental data. Applying this new crushable 

foam model approach to topology optimised structures demonstrated that variable-density 

structures can outperform the uniform density counterpart and that this approach is readily 

applicable to more complex structures. 

While a model’s accuracy is only as good as the underlying data, the post-processing 

approach used to inform the constitutive model constitutes a practical and easy-to-implement 

approach for predicting the compressive response of FGLs. Together with the insights as to 

which material data post-processing approaches are less suitable for accurately predicting the 

performance of FGLs (compare Appendix O), the findings contribute to a better understanding 

of what will be required to develop more accurate constitutive models specifically geared 

towards additively manufactured lattices. Overall, the findings of this part of the work have 

direct practical significance for the application and design with FGLs, as it represents a ready-

to-use model that produces a faster and more reliable prediction for the large strain response 

compared to explicit geometric models. 

8.2 Future Work 

1. Generative, constraint-free open-source slicing software and improved printers for FRAM  

From the perspective of the process planning considerations in DfAM for FRAM, this 

work contributes to more advanced and adaptive slicing software that is informed by finite 

element analysis and supports more control parameters for fine-tuning the weighting between 

purely performance- and economy-driven designs. Machine control in 3D printing as recently 

demonstrated in an open-source G-code software by Gleadall [42], facilitates DfAM. This 

high-precision control becomes particularly important for FRAM and should be subject to 

future work. 

Like generative design, a process planning tool that provides a portfolio of solutions for 

a given set of objectives would help make better-informed print decisions. While increased 

research is looking into concurrent optimisation of topology and fibre paths [263,562–564], 

future research must take into account the manufacturability with FRAM, i.e. provide 
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equidistant curvilinear paths that maximise the fibre content and the fibre continuity while 

strategically placing necessary discontinuities (fibre cuts) in a part. Similar to the laminated 

composite’s stacking sequence, the next-generation of slicing software for FRAM ought to 

consider the infill strategy not based upon a layer-by-layer approach but rather from the point 

of maximising the entire part’s performance.  

An open-source and custom FRAM printer was built to realise and investigate the novel 

infill patterns in this work. While a proof-of-concept has been provided with S-FRAM (short 

fibre-reinforced AM), future work should investigate C-FRAM (continuous fibre-reinforced 

AM) to understand better the link between the specific manufacturing constraints and the part 

performance. During this research, it became evident that the calibration of the custom FRAM 

printer is significantly easier for short fibre-reinforced feedstock, whereas the calibration for 

continuous fibre-reinforced feedstock presented major challenges. These stem from the greater 

accuracy required to ensure the beads stick to each other (less polymer matrix encapsulating 

the fibres requires lower processing tolerances in terms of hatch spacing and layer height) and 

that the feedstock is smoothly fed into the print head. Difficulties in tuning the feeding process 

of continuous fibre-reinforced feedstocks were encountered. This included, e.g. the contact 

pressure between the bearing and the driving gear in the Bowden extruder, which led to either 

frequent fibre breakage or an insufficient feed-rate if the pressure was too high or small, 

respectively. Likewise, the distance and path between the Bowden extruder and the print head 

led to frequent fibre kinks. This has highlighted the need for better research machines, and the 

findings suggest that direct drives and linear rails should be used to address the processing 

issues with C-FRAM better. 

 

2. Experimental testing of FGLs under different loading conditions to develop holistic lattice 

property profiles for integration into optimisation frameworks  

On the front of architected lattices, particularly FGLs, future research ought to 

investigate the scarcely tested loading conditions of tension and shear better to determine the 

architected lattice’s anisotropy and properties in 3D. This will help apply lattices into AM 

designs that experience multiple loading conditions. It will ultimately aid in building more 

accurate models that facilitate the transition from an expertise-driven to a mathematically-

driven design approach. Computationally efficient models for the design and assessment are 

necessary to streamline the design workflow with lattices, building upon a minimum of 
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experimental tests. Thus, non-dimensional databases on the structure-property-relationships 

must be established. These can help identify particular patterns and new material parameters 

(recall e.g. unique point of intersection in the FGLs stress-strain curves in Chapter 5), which 

will help deduce empirically-grounded non-dimensional scaling laws. Additionally, more 

sophisticated constitutive models, taking the effect of process-induced imperfections, material 

anisotropy or local material failure into account, would aid the accuracy of the simulations and 

thus reduce the product development time. Integrating these phenomenological lattice models 

into design and structural optimisation frameworks (e.g. topology optimisation, generative 

design, bio-inspired design, etc.) could effectively bundle the potential of AM. 
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Appendices 

A.  Scopus Search Query Strings 

The field codes and operators utilized for obtaining the results depicted in Fig. 1-1 are 

as follows: 

• Lattice: TITLE-ABS-KEY (*additive OR additively AND manufacturing OR 

manufactured AND lattice OR tpms OR cellular OR foam) AND PUBYEAR > 1999. 

• DfAM: TITLE-ABS-KEY (*additive OR additively AND manufacturing OR 

manufactured AND dfam OR design AND composite) AND PUBYEAR > 1999. 

• FRAM: TITLE-ABS-KEY (*additive OR additively AND manufacturing OR 

manufactured AND fibre OR fiber AND composite) AND PUBYEAR > 1999. 

Furthermore, images Fig. 2-21 and Fig. 2-22, are based on the following search queries: 

• Slicer: TITLE-ABS-KEY (*additive OR additively AND manufacturing OR 

manufactured AND slicing OR slicer OR infill AND composite) AND PUBYEAR > 

1999. 

• FGL: TITLE-ABS-KEY (*additive OR additively AND manufacturing OR 

manufactured AND lattice OR tpms AND graded OR grading) AND PUBYEAR > 

1999. 

• FGL modelling: TITLE-ABS-KEY (*additive OR additively AND manufacturing OR 

manufactured AND lattice OR tpms AND graded OR grading AND modelling OR 

model OR numerical) AND PUBYEAR > 1999. 
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B. Retrospective Research Time Plan 

 

 

Fig. App. B-1: Retrospective and simplified Gantt chart, highlighting the work conducted on each of the three 

main topics (DfAM, FRAM and Lattices), throughout the PhD period. Important to highlight is the shift in 

focus from FRAM to the numerical investigation into FGLs after the access to laboratories was 

refused/restricted due to the COVID pandemic. Consequently, the scheduled investigation into C-FRAM was 

cancelled.  

FRAM

DfAM

Lattices

Start PhD Nov. 2017

Year 1 Nov. 2018

Year 2 Nov. 2019

Year 3 Nov. 2020

Thesis sub. 

Oct. 2021

Viva Voce PhD Jan. 2022

Closed-source 
study

Open-source solution 
development

S-FRAM C-FRAM

Literature Review & DfAM for FRAM
Exp. Proofe-of-Concept

Cancelled

Exp. study functionally 
graded lattices (FGLs)

Num. 
study FGLs

Num. 
study FGLs

Literature 
Review

Defining 
Objectives Research Period Write-Up

Publications

Covid (Campus 
closure) 

Topics



Appendices 

- 251 - 

 

C. Complementation to the Literature Review on ‘DfAM’ (Section 2.1) 

B.1 AM Software Landscape (Topology Optimisation, Latticing and CAD/CAM) 

 The following constitutes an overview over the most widely used software packages 

relevant for DfAM. They include topology optimisation (see Tab. App. C-1), latticing (see Tab. 

App. C-2) and CAD/CAM (see Tab. App. C-3). 

Tab. App. C-1: Commercial and academic software for topology optimisation. Reproduced from [67] following 

the terms of the Creative Commons CC-BY license 

Software 

(Company) 

Ref. Application Algorithm Analysis Attributes/Notes 

Commercial 

Abaqus - TOSCA 

Structure (Dassault 

Systems) 

[565] Multiphysics Density-based Linear and 

Non-linear 

Durability/fatigue 

evaluation, 

morphing of 

shapes with direct 

mesh adaption 

ANSYS 

Mechanical 

(ANSYS Inc.)  

[566,567] Multiphysics Density-based Linear and 

Non-linear 

Optimized of AM, 

natural frequency 

analysis 

MSC Nastran 

Optimisation 

(MSC) 

[568,569] Structures Density- based Linear and 

Non-linear 

Inclusion of 

manufacturing 

constraints 

LMS Samtech Boss 

Quattro (Siemens) 

[570,571] Structures Density-based 

(gradient 

optimisation) 

N/A Integrated 

workflow and 

coupling with 

FEA packages 

Femap (Siemens) [572] Structures Density-based Linear Coupled with 

MSC Nastran 

FEMtools 

(Dynamic Design 

Solutions) 

[573] Structures Density-based 

(gradient 

optimisation) 

Linear and 

Non-linear 

Optimisation for 

compliance and 

topometry 

FOMD-3D (MKP) [574] Structures N/A N/A Multi-material TO 

GENESIS 

(Vanderplaats 

R&D) 

[575,576] Structures Density-based 

(gradient 

optimisation) 

Linear and 

Non-linear 

Ability to transfer 

TO design into 

lattice design 

LS-OPT (LSTC Inc 

and DYNAmore 

GmbH) 

[577,578] Structures Density-based Linear and 

Non-linear 

Tool for LS-

DYNA 

OPTISHAPE-TS 

(Quint Corporation) 

[579] Structures Density & 

Level-Set 

Linear and 

Non-linear 

Tool for Nastran 

and ANSYS 

Optistruct (Altair 

Engineering) 

[580,581] Structures Density Linear and 

Non-linear 

TO, topography 

and size 

optimisation 

ParetoWorks 

(SciArt, LLC) 

[582] Structures Level-Set N/A Pareto-optimal 

designs, plug-in 

for Solidworks, 

STL-output 

PERMAS (INTES 

GmbH Stuttgart) 

[583,584] Structures, 

Multiphysics 

Density-based N/A Boundary 

smoothing and 

export as STL 

SmartDO (FEA-

Opt Technology 

Co. Ltd.) 

[585] Structures N/A N/A Gradient-based 

solver and genetic 

algorithm coupled 
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with other CAE 

programmes 

Inspire 

(solidThinking Inc.) 

[581,586] Structures Density & 

Level-Set 

Linear and 

Non-linear 

Based on Altair’s 

software 

COMSOL (Comsol 

Inc.) 

[587–589] Multiphysics Density & 

Level-Set 

Linear and 

Non-linear 

CAD-compatible 

with DXF and 

STL file format 

Generate (Frustum 

Inc.) 

[590,591] Multiphysics N/A N/A Overhang 

prevention, 

extrusion 

constraints, native 

CAD import 

ELiSE (Alfred-

Wegener-Institute) 

[592,593] Structures Density, 

Evolutionary 

N/A Biomimetic 

designs; TO and 

lattice structures; 

DfAM  

CAESS ProTOp 

(CAESS d.o.o.) 

[594,595] Structures Evolutionary, 

Level-Set 

Linear Supports third-

party formats of 

PTC®, Simulia®, 

SolidWorks® and 

Siemens NX™. 

Print-ready design 

Siemens NX 

(Siemens Product 

Lifecycle 

Management 

Software Inc.) 

[596–598] Structures Level-Set 

(Lattice 

Topology) 

N/A Builds on NX™ 

Nastran® (see 

above) and 

implements 

manufacturing 

constraints into the 

design 

CogniCAD™ 2.0 

(ParaMatters Inc.) 

[599] Structures N/A N/A Geared towards 

AM: Smooth & 

watertight designs; 

Export as STL or 

STEP file; feature-

size control 

 Academic 

TOPslicer [600,601] Structures Density-based Linear and 

Non-linear 

Dimensions of the 

iso-surfaces can be 

changed and 

model can be 

exported as X3D 

or STL 

 

Tab. App. C-2: Commercial and academic software for geometrical implementation of lattices. Reproduced from 

[67] following the terms of the Creative Commons CC-BY license 

Software 

(Company) 

Ref. Model 

Environment 

Geometric 

Features 

Attributes/Notes 

Commercial 

3-Matic (Materialise) [357,602] STL Repair & 

improvement of 

the model 

No inbuilt analysis tool, but 

ability to generate analysis with 

other FEA and CFD software 

Mesh-free analysis 

LimitState:FORM 

(LimitState Ltd)  

[603,604] STL Tailored truss-

structures 

CAD-models instead of meshes 

that can be analysed with 

ANSYS 
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Netfabb (Autodesk 

Inc.) 

[605,606] STL Repair, improve 

and manipulate 

the model 

Includes TO and allows for 

variation in special density and 

thickness of the lattice 

Within (Autodesk 

Inc.) 

[607] STL Customization 

of lattice 

topology, size 

and density 

Integrated with FEA (Nastran) 

for lattice optimisation and 

includes skin elements for parts 

Simpleware 

(Synopsys, Inc.) 

[608,609] STL, B-Spline Repair and 

customization of 

the CAD model 

Creation of internal lattices 

3DXpert (3D 

Systems, Inc.) 

[485,610] STL, B-rep Repair, 

improvement of 

model and 

manipulation of 

lattices 

Different lattices can be used 

and imported from other 

systems 

ElementPro 

(nTopology) 

[315,611] STL, OBJ, 

3MF, CAD 

object 

Repair, 

improvement of 

model and 

manipulation of 

lattices 

Graded lattices, dual surface 

conformal lattices, 3MF and 

LCTX file export 

CAESS ProTOp 

(CAESS d.o.o.) 

[594,595] AMF, OBJ, 

STEP, STL 

Repair, 

improvement of 

model and 

manipulation of 

lattices 

Rounding of lattice crossings 

and interfaces with shells to 

reduce stress concentration. 

Print-ready design 

Siemens NX 

(Siemens Product 

Lifecycle 

Management 

Software Inc.) 

[596–598] N/A Customization 

(deformation 

and 

optimisation) of 

lattice boundary 

surface 

Tools recommend the 

application of lattices given no 

loss in strength or robustness is 

implied  

Intrallatice 

(Grasshopper plug-

in) 

[612,613] STL, OBJ, PLY Strut morphing, 

linear and 

cylindrical 

grading 

Library and custom unit cells 

available; creation of conformal 

lattices 

Betatype Ltd. [614–617] Abstracted 

representation: 

*.arch or *.ltcx 

Generation of 

truss- and 

surface-based 

lattices; Local 

thickness 

grading 

Software geared towards metal-

AM; Extrapolated scan path 

enable fast processing (non-

manifold models reduce data 

size); Fabrication of thin wall 

lattices  

Academic 

Programmatic Lattice 

Generation (RMIT 

University) 

[325] STL Strut 

manipulation at 

joints 

A matching FE-beam model is 

created, Watertight models can 

be created using e.g. Meshlab  

 

Tab. App. C-3: Selection of CAD/CAM software supporting AM-specific design tools. 

Software 

(Company) 

Ref. Model Environment Features 

Monolith (Autodesk 

Inc.)  

[618–623] - Import: slice files 

(image 

reconstruction), 

volume files 

- Export: STL, 

WRM, 3DM, 

volume files 

- Voxel definition: scalar function, lattice 

library, free drawing  

- Geometry Modifications 

- 2D and 3D mesoscopic patterns can be 

mapped upon the voxel model  

- Topology optimisation 
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SpaceClaim 

(ANSYS) 

[624,625] - Import: STL, 

OBJ, cgr, AMF 

- Export: STL 

- Voxel definition: scalar function, lattice 

library, free drawing  

- Geometry Modifications 

- 2D and 3D mesoscopic patterns can be 

mapped upon the voxel model 

- Topology optimisation  

Creo 5.0 (PTC)  [626–628] - Import: ACIS, 

STL, 3MF, 

STEP 

- Export: ACIS, 

STL, 3MF, 

STEP 

- Connected to Stratasys and Materialise 

Library 

- Supports TO and allows lattice modelling 

Solidworks (Dassault 

Systems) 

[629–631] - Import: ACIS, 

STL, 3MF, 

STEP 

- Export: ACIS, 

STL, 3MF, 

STEP 

- Selection of own printer (customized 

build platform) 

- Repairing models with unprintably small 

features or unresolvable gaps 

- Scaling and splitting of models to fit the 

build volume 

TrueSOLID (Frustum 

Inc.)  

[632,633] - N/A - AM constraints integrated into CAD 

- Integrated for analysis in Siemens NX 

- Supports TO and allows lattice modelling 

Siemens NX 

(Siemens Software 

Inc.)  

[596,634–

636] 

- N/A - Direct link to different AM machines 

which allows for optimal parts nesting 

- Supports TO and allows lattice modelling 

- B-rep of bodies 

 

B.2 DfAM frameworks, concepts and guidelines 

Tab. App. C-4 summarises a selection of the early DfAM framework established in 

academia. 

Tab. App. C-4: DfAM frameworks in literature, portraying key design and manufacturing concepts. 

Ref.   Aspects of DfAM 

[29] - Global DfAM design methodology:  

o General analysis of design problem  

o Relating geometrical data to AM process characteristics  

o Relating physical properties and assembly to AM process characteristics 

- Central requirements: functional specifications; manufacturing capabilities; 

post-processing and finishing 

[30] - Three-step DfAM methodology:  

o Part orientation: the position of functional surfaces to achieve targeted cost 

and quality concerning process characteristics 

o Functional optimisation: obtain optimal part geometry through the 

employment of numerical optimisation methods such as TO  

o Manufacturing paths optimisation: determination of the optimal tool path 

regarding the process characteristics and the part geometry 

[31] - DfAM principles:  

o Part complexity 

o Customisability  

o Lean, integrated and low volume manufacturing 

o Consolidation and multifunctionality 

- Design strategies: functionality-driven design; adoption of cellular 

structures; highly integrated, compliant, and adaptive part designs 

[34] - Three design considerations for DfAM:  
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o Manufacturing: shape complexity, modular and hybrid system design, 

multi-material compositions, hierarchical structures  

o Assembly: part consolidation through the integration of components and 

seamless assembly or combination of materials  

o Performance: functional integration or compliant parts 

[35] - DfAM classification:  

o Concept assessment: selection of AM-process based on cost, speed, 

materials and performance as well as the general manufacturability 

(geometry, tolerances, etc.) 

o Decision making: DfAM for properties, optimal design and geometrical 

accuracy 

[36] - DfAM levels of abstraction:  

o Tools and guidelines: process-, feature- and activity-driven  

o Design-manufacturing-interaction: Performance-driven 

o Design process: Material section, AM-specific CAD/CAM tools 

- Economic feasibility: considerations of cost models for selecting the optimal 

AM-process for a design (labour, material costs, energy consumption, initial 

investment, etc.) 
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D. Complementation to the Literature Review on ‘FRAM’ (Section 2.2) 

Cellular solids printed with S-FRAM have also seen research interest [217,226,228], 

yielding higher specific strength and stiffness than their unreinforced counterparts [217,228] 

and achieving good energy absorption properties [226]. Limitations for achieving even better 

properties were associated with manufacturing, resulting in geometrical imperfections [217] 

and issues of increased surface roughness and thus lower bonding strength when increasing the 

fibre volume fraction [226]. The latter emphasises the importance of microstructural analyses 

in S-FRAM to outline the effect processing parameters and infill patterns on the performance, 

as demonstrated in [637].  

C-FRAM has recently been adopted to fabricate sandwich/lattice structures 

[204,205,235,267], lending itself particularly well for the realisation of lightweight parts. 

Noteworthy highlights are the novel use of robotic arms, which constitute a disengagement 

from the standard layer-by-layer fabrication, allowing the creation of reinforcement into 

virtually any direction without requiring support (see Fig. App. D-1).  While there are still 

some limitations related to the dimensions and degrees of freedom of the print head [205], the 

ability to print tetrahedron, pyramidal, Kagome, octet-truss, or circular grid topologies was 

successfully demonstrated [204,205]. Significant structural optimisation has been recorded 

with an up to 224% increased compressive strength over the pure polymer [169]. Likewise, the 

specific stiffness and strength and the customizability of the structures were highlighted [205]. 

Another beneficial behaviour observed is the non-catastrophic failure induced through 

buckling and delamination [204,205], which could be necessary for application emphasising 

structural coherence. 

 

 

                                   (a)                                 (b) 
Fig. App. D-1: (a) Pyramidal lattice structure printed with continuous fibres intro free space [204] and (b) a 

sandwich structure with a continuous fibre reinforced truss-core, fabricated using robotic AM [205]. 

Reproduced with permission from Elsevier. 
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E. Complementation to the Literature Review on ‘Cellular Solids’ (Section 2.3) 

D.1 Classification of unit cells and conformal lattices 

 Fig. App. E-1(a) illustrates a systematic categorisation of how cellular solids can be 

classified based upon the type of elements, tessellation and connectivity. Fig. App. E-1 (b)-(f) 

showcase the methods for creating a conformal lattice structure.  

 
Fig. App. E-1: (a)Classification of cellular solids proposed in [286]. Reproduced under the Creative Common 

CC BY license agreement with permission from MDPI. (b)-(f) Methods for creating conformal lattice design 

for a given (b) initial design domain. (c) Sweeping, (d) tessellation and trimming, (e) meshing/mapping, and 

(f) unstructured randomisation (e.g., dithering or Voronoi techniques). Reproduced from [67] following the 

terms of the Creative Commons CC-BY license. 

D.2 Maxwell’s stability criterion 

The stability of rigid truss structures can be captured by Maxwell’s stability criterion 

[402], which defines the stability condition M from the number of struts b and frictionless joints 

j. It is defined as: 

 
in 2D as:  𝑀 = 𝑏 − 2𝑗 + 3 = 0 

in 3D as: 𝑀 = 𝑏 − 3𝑗 + 6 = 0. 
Eq. App.  E-1 

This way, lattices can be defined as under-constraint (M<0), rigid (M=0) and over-

constraint (M>0), allowing for ease in choosing a compliant (M<0) or stiffness-optimal lattice 

(M≥0). However, as rightly critiqued by Bhate [286], it is limited to beam-like structures, does 

not take into account the parent material properties or the dimensions of the struts and is 

consequently only providing a guess for the deformation behaviour. Nevertheless, it ensures 

ease of categorisation, which is why it is still considered. While this classification of 
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deformation mechanisms has been created for truss-like structures is remains a means for 

describing more complex surface-based lattices today.  

D.3 Hashin–Shtrikman bounds (HS) 

As noted in [27], the low variability in 𝜈𝑆 of the commonly compressible materials 

under investigation, 𝜈𝑆 = 0.3 is generally assumed. Originally the upper HS bound (HSU) for 

the Young’s modulus of isotropic and cubic symmetric materials is defined as [113].  

 

𝐸𝑙𝑠𝑜
𝑢 =

2�̅�(7−5𝑣)

(15𝑣𝑆
2+2𝑣𝑆−13)�̅�−15𝑣𝑆

2−12𝑣𝑆+27
 , and 

  𝐸Cubic 
𝑢 =

2�̅�(2−𝑣𝑆)

(𝜈𝑆
2+𝑣𝑆−2)�̅�−3𝑣𝑆

2−3𝑣𝑆+6
, 

Eq. App.  E-2 

, however, with this simplification above, the HS upper bound can be written as [27]: 

 𝐸𝐼𝑠𝑜
𝑢 =

�̅�

2 − �̅�
𝐸𝑆, and 𝐸Cubic 

𝑢 =
5�̅�

7 − 2�̅�
𝐸𝑆. Eq. App.  E-3 

As shown in Fig. App. E-2(a)-(c), and emphasised in [336], strut-based lattices are 

incapable of reaching the HS bounds. However, the closed-cell counterpart reaches these 

bounds and generally, only anisotropic materials can exceed the HSU. Berger et al. [336] have 

proposed a more general metric to assessing the elastic performance or total stiffness Ω of 

lattices with respect to the HSU, considering the sum of the Young’s moduli in the 〈100〉 and 

〈110〉 directions  

 Ω =
�̅� + 2�̅�(1 − �̅�)

𝐸HSU + 2𝐺HSU(1 − 𝜈HSU)
. 

Eq. App.  E-4 

Consequently, a material that attains all three theoretical bounds at the same time will 

yield Ω=1. The anisotropic cubic and octet lattices, shown in Fig. App. E-2(d), are still bound 

by this metric (HS only defined for isotropic materials) and showcase a significantly greater 

total stiffness than the strut-based lattices. Berger et al. [336] also highlight that a hybridised 

lattice comprised of cubic and octet unit cells was capable of match the HSU and exhibit 

isotropic behaviour (compare Fig. App. E-2(a)-(c)).  
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Fig. App. E-2: The (a) Young’s, (b) shear and (c) bulk moduli of the cubic, octet, cubic+octet, quasi-random, 

octet-truss, and isotropic truss lattices with respect to the HS bound and the relative density (note �̅� is denoted 

as 𝜌/̅̅ ̅𝜌𝑆 here). (d) Reproduced from [336] with permission from Springer Nature.  

 

D.4 Homogenisation methods for lattices 

In [434], a range of different homogenisation methods for lattices was reviewed, 

including:  

• Early closed-form expressions suitable for simple cell topologies (assuming Euler-

Bernoulli beams).  

• Matrix-based techniques for planar lattices (based upon Bloch’s theorem and Cauchy-

Born hypothesis).  

• Equivalent micropolar medium approach (based on explicit structural analysis or an 

energy approach). 

• Discrete method substituting lattice topologies with simple beams or rods. 

• Asymptotic homogenisation (HA) method (assuming asymptotic expansion of field 

quantities, which depend on both macro- and microscale). 
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F. Composite Data Sheet (Markforged Inc.) 

Tab. App. F-1: Material data sheet of polymer and composite material of Markforged Inc. [520,548]. 

Material properties 
Test 

(ASTM) 
Tough Nylon Onyx Carbon CFF 

Tensile Modulus (GPa) D638 0.94 1.4 700 

Tensile Stress at Yield (MPa) D638 31 36 54 

Tensile Strain at Yield (%) D638 27 25 1.5 

Tensile Stress at Break (MPa) D638 54 30 470 

Tensile Strain at Break (%) D638 260 58 21 

Flexural Strength (MPa) D790 32 81 1.2 

Flexural Modulus (GPa) D790 0.54 3.6 — 

Compressive Strength [MPa] D6641 — — 320 

Compressive Modulus [MPa]] D6641 — — 54 

Compressive Strain at Break [%] D6641 — — 0.7 

Heat Deflection Temp (C°) D648 B 49 145 105 

Flame Resistance UL94 — V-0 — 

Izod Impact – notched (J/m) D256-10 A 1015 334 958 

Density (g/cm3) — 1.1 1.2 1.4 
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G. Part List of Upgrades to Standard Creality CR-10 Printer 

In the following, a brief explanation on the major upgraded components (print head, 

stepper motor, control board and power supply) is provided, including their incentives, 

underlying assumptions, and calculations. Tab. App. G-1 present some additional information 

on the exact components sourced for the custom FRAM printer. Additionally, multiple fixtures 

and rigs have been designed to fit the new parts onto the printer's housing. 

Print head – The listed upgrades had to be carefully be chosen and coordinated, ensuring 

they will work together. Initially, the centrepiece of the upgrade, the MarkTwo print head, was 

demounted, i.e. the proprietary controller was removed, as it was useless without source code. 

Then new heat cartridges were installed at the two hot-ends which were then – together with 

the hot-end fan and part fan – connected and linked to the DuetWifi and Duex2 expansion 

boards (see Fig. App. G-1). Prior to the head’s connection to the control board, the electric 

current I was measured at the MarkTwo while being in operating status, using a multimeter. 

This was done to determine the wattage P required under 24V operating voltage V, avoiding 

an overload and compatibility with the DuetWifi (extruder drivers designed for up to 6A). From 

the simple relation P = V×I, it was determined that during heating and printing of the filament 

with ~2A and ~1A, respectively, a power of at least 48 watts was required.  

  Stepper motors – While the print bead was upgraded with linear rails to improve the 

machine compliance, the regular stepper motors (also known as brushless DC electric motors) 

were replaced by micro-steppers to reduce positioning oscillation further and ultimately 

achieve a higher resolution and smoother motion. This is required for guaranteeing good 

quality when printing with C-FRAM and precise placement of a filament diameter of merely 

~0.34-0.38 mm (CF-filament of Markforged Inc.). Instead of the standard step angle of 1.8°, 

the stepping motors used for our custom printer equates to 0.9°, driven by using pulse-width 

modulated (PWM) voltage. Regarding the extrusion force 𝐹𝐸 required for a 1.75 mm and a 3 

mm diameter filament, 10-25N and 30-75N are necessary, respectively [638]. This was ensured 

based on the following formula for relating the motor’s holding torque 𝜏𝐻 with the extruder 

steps per mm 𝐸𝑥𝑠𝑡𝑒𝑝𝑠/𝑚𝑚 

 

𝐹𝐸 = 𝜏𝐻 × 𝐸𝑥𝑠𝑡𝑒𝑝𝑠/𝑚𝑚 × 0.0007 

with:  𝐸𝑥𝑠𝑡𝑒𝑝𝑠/𝑚𝑚 =
𝑀𝑠𝑡𝑒𝑝𝑠/𝑟𝑒𝑣×𝑓𝑀𝑖𝑐𝑟𝑜×𝐺𝑅

(𝑑𝐻𝑜𝑏𝑏×𝜋)
 

Eq. App.  G-1 



Appendices 

- 262 - 

 

where the standard motor steps per revolution 𝑀𝑠𝑡𝑒𝑝𝑠/𝑟𝑒𝑣 of 400 and a micro-stepping factor 

𝑓𝑀𝑖𝑐𝑟𝑜 of 16x with a gear ratio of GR three to one and hob diameter 𝑑𝐻𝑜𝑏 of 7.3 mm (Titan 

Bowden extruder used here) as defined by Duet3D [638]. While such a Bowden extruder has 

a lower moving mass as a direct-drive system, allowing for high print speeds, it also introduces 

some lag and thus oozing, which needs to be compensated for, as will be discussed in paragraph 

3.3.2.2. 

The XY-motion were converted via GT2 belts driven by 20 tooth pulleys, equating to 40 

mm per revolution. Hence, for a print speed of 100mm/sec, which was approximately the 

moving speed selected, 2.5 revolutions per second are required. Another two stepper motors 

were employed to drive the lead screws in the z-direction. 

Control board – At the heart of the upgrade are the control boards by Duet3D (see Fig. 

App. G-1), constituting a 32-bit electronic controller for 3D printers and other CNC machines 

capable of driving multiple mico-steppers simultaneously. To control different extruders for 

future projects, the Duex2 expansion board was also integrated with a PT100 temperature 

daughterboard for the thermistors of the hot-ends. The set-up and configuration of the printer 

and firmware will be elaborated on in section 3.3.2.1.  

 

Fig. App. G-1: Control boards for FRAM printer provided by Duet3D Electronics [639]: (a) DuetWifi control 

and (b) Duex2 expansion board. 
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Power supply – Due to increased power requirements stemming from the control 

boards, advanced stepper motors and especially the power-hungry heat bed, a second power 

source dedicated solely to the latter component was used to meet the voltage and current 

requirements of the accumulated components. Additionally, a MOSFET (metal-oxide-

semiconductor field-effect transistor) was inserted into the circuit, amplifying the voltage to 

meet the heat bed requirements.   

 

Tab. App. G-1: Major upgrades of the Creality CR-10S printer, enabling FRAM. 

Part Replacement/Upgrade Purpose 

Print head • MarkTwo dual-nozzle print head with 

cutting servo 

• Ready-to-use print head for FRAM 

compatible with commercially available 

feedstock material 

Source:  

• https://www.mark3d.com/en/product/spareparts-for-markforged-3d-printers/markforged-print-head-for-

mark-two-onyx-nylon/  

Stepper 

motors 
• NEMA* 17 micro-stepping motors [640] 

for XYZ movement 

• NEMA* 23 higher torque stepping 

motors [641] for Bowden extruders, 

enabling processing of up to ∅ 3mm 

filaments  

• High positional accuracy, ensuring tight 

control over fibre placement 

• Ensure a sufficiently high extrusion force at a 

moderate operating temperature, ensuring 

constant print conditions even for long prints 

  

Source:  

• https://en.nanotec.com/products/469-st4209m1704-a/ 

• https://en.nanotec.com/products/1493-zk-jst-vl-4-extension-cable-for-xhp4-plug/ 

Print bed  • Linear rails  • Reduce machine compliance and thus 

increase the positional accuracy 

Source:  

• https://hobby-store.co.uk/mechanical-parts/linear-rails 

Control 

board 
• Duet3D electronics [639] (DuetWifi and 

Duex2 expansion board) 

• Full control over print parameters (e.g. 

temperature, extrusion speed, fan speed, head 

speed, etc.) 

• Controlling cutting servo motor of the print 

head and generally multiple motors 

concurrently 

Easily expanding functionalities 

Source:  

• https://www.duet3d.com/DuetWifi 

• https://www.duet3d.com/Duex5  

Extruder • Bowden extruder with a gear ratio of 3:1 Generate sufficient extrusion force for up to ∅ 

3mm filaments 
Source:  

• https://e3d-online.com/products/titan-extruder 

• https://uk.rs-online.com/web/p/dc-motors/5350502/ 

Power 

supply 
• Additional 24V battery [642] Additional Bowden extruders, electronics, 

stepper motors and cooling fans require a separate 

power source besides the power-hungry heat bed 

Source:  

• https://uk.rs-online.com/web/p/embedded-switch-mode-power-supplies-smps/0424582/ 
CR10 

Upgrade 
• Additional z-axis screw and motor • Reduced machine compliance 

Increased dimensional accuracy 

https://www.mark3d.com/en/product/spareparts-for-markforged-3d-printers/markforged-print-head-for-mark-two-onyx-nylon/
https://www.mark3d.com/en/product/spareparts-for-markforged-3d-printers/markforged-print-head-for-mark-two-onyx-nylon/
https://en.nanotec.com/products/469-st4209m1704-a/
https://en.nanotec.com/products/1493-zk-jst-vl-4-extension-cable-for-xhp4-plug/
https://hobby-store.co.uk/mechanical-parts/linear-rails
https://www.duet3d.com/DuetWifi
https://e3d-online.com/products/titan-extruder
https://uk.rs-online.com/web/p/dc-motors/5350502/
https://uk.rs-online.com/web/p/embedded-switch-mode-power-supplies-smps/0424582/
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Kit (Z-

axis) 

Source:  

• https://www.hic3dprinter.com/products/hictop-creality-cr-10-515mm-double-z-axis-lead-screw-for-3d-

printer-diy-kit-prusa-i3 

PanelDuo • Manual control interface • In-situ machine adjustments and calibration 

• Process monitoring 

Source:  

• https://www.duet3d.com/DuetAddons/PanelDue 

Heater 

Cartridge 
• PT100 temperature sensor  • Decoupled from proprietary control board of 

MarkTwo print head (control) 

Source:  

• https://e3d-online.com/collections/printer-parts-electrical/products/standard-heater-cartridge 

Mechanical 

end stops 
• Micro switch • Direct control via Duet-boards 

Source:  

• https://ooznest.co.uk/product/mechanical-endstop/ 

Heat sinks • Cooling block for stepper motors  • Avoid performance loss during long prints 

Source:  

• https://www.robotdigg.com/product/37/Nema17-size-stepextruder-heatsink 

Note: *NEMA represents the standardized stepper motor dimension by the US National Electrical Manufacturers 

Association. 

https://www.hic3dprinter.com/products/hictop-creality-cr-10-515mm-double-z-axis-lead-screw-for-3d-printer-diy-kit-prusa-i3
https://www.hic3dprinter.com/products/hictop-creality-cr-10-515mm-double-z-axis-lead-screw-for-3d-printer-diy-kit-prusa-i3
https://www.duet3d.com/DuetAddons/PanelDue
https://e3d-online.com/collections/printer-parts-electrical/products/standard-heater-cartridge
https://ooznest.co.uk/product/mechanical-endstop/
https://www.robotdigg.com/product/37/Nema17-size-stepextruder-heatsink
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H. Configuration and Calibration of Custom FRAM Printer  

Fig. App. H-1 displays the G-code configuration file employed to setup the FRAM 

printer. The corresponding print commands that follow, require the extrusion value Ex for each 

print movement. As stated in [488], it can theoretically be determined from the un-solidified 

and solidified volume VolEx of the extrudate, i.e. as 

 𝑉𝑜𝑙𝐸𝑥 = 𝐸𝑥 ×
𝜋

4
∗ 𝑑𝐸𝑥

2
     and     𝑉𝑜𝑙𝐸𝑥 = 𝐿𝐸𝑥 ((𝑤𝐸𝑥 − ℎ𝐸𝑥)ℎ𝐸𝑥 +

𝜋

4
ℎ𝐸𝑥

2) 
Eq. App.  H-1 

whereby the edge lengths wEx and hEx of the bounding rectangle (recall Fig. 3-12) are used in 

conjunction with the path length LEx. Equating the functions above, yields an expression for Ex 

 𝐸𝑥 = (𝑤𝐸𝑥 + (
𝜋

4
− 1) ℎ𝐸𝑥)

4𝐿𝐸𝑥ℎ𝐸𝑥

𝜋𝑑𝐸𝑥
2 =

4𝐿𝐸𝑥ℎ𝐸𝑥×𝑆𝐹

𝜋
 , Eq. App.  H-2 

with SF being the flow modifier. 

 

 
Fig. App. H-1: Configuration or setup file in G-code language use for custom 3D printer. 
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I. Elastic Constant in The Global Coordinate System  

Given the material constants for a transversely isotropic material for which the 

reciprocity relation for the Poisson’s ratio is given as 

 𝜐21 =
𝜐12
𝐸11

× 𝐸22 
Eq. App.  I-1 

the five material constants necessary to describe the transversely isotropic material are 

defined. With the stress (strain) transformation for plane stress given as  

 {

𝜎1
𝜎2
𝜏12

} = [
𝑚2 𝑛2 2𝑚𝑛
𝑛2 𝑚2 −2𝑚𝑛
−𝑚𝑛 𝑚𝑛 𝑚2 − 𝑛2

] {

𝜎𝑥
𝜎𝑦
𝜏𝑥𝑦
}, Eq. App.  I-2 

with m = cos(θ) and n = sin(θ), forming the transformation matrix as described in [643]. After 

further integration and rearrangement steps, detailed in [512], the stress-strain relationship can 

be expressed, using the transformed, reduced compliance and stiffness matrix [𝑆̅] and [�̅�], as 

follows 

 {

휀𝑥
휀𝑦
𝛾𝑥𝑦
} = [

𝑆1̅1 𝑆1̅2 𝑆1̅6
𝑆1̅2 𝑆2̅2 𝑆2̅6
𝑆1̅6 𝑆2̅6 𝑆6̅6

] {

𝜎𝑥
𝜎𝑦
𝜏𝑥𝑦
}   and  {

𝜎𝑥
𝜎𝑦
𝜏𝑥𝑦
} = [

�̅�11    �̅�12    �̅�16
�̅�12    �̅�22    �̅�26
�̅�16    �̅�26    �̅�66

] {

휀𝑥
휀𝑦
𝛾𝑥𝑦
} Eq. App.  I-3 

whereby the relation [�̅�] = [𝑆̅]−1 hold. The five elastic constants in a global coordinate system, 

are then defined as [643]: 

 
𝐸𝑥 =

𝐸1

cos(θ)4 + (
𝐸1
𝐺12

− 2𝜈12) sin(θ)
2cos(θ)2 +

𝐸1
𝐸2
sin(θ)4

 Eq. App.  I-4 

 𝜈𝑥𝑦 =
𝜈12(sin(θ)

4 + cos(θ)4) − (1 +
𝐸1
𝐸2
−
𝐸1
𝐺12
) sin(θ)2cos(θ)2

cos(θ)4 + (
𝐸1
𝐺12

− 2𝜈12) sin(θ)
2cos(θ)2 +

𝐸1
𝐸2
sin(θ)2

 Eq. App.  I-5 

 
𝐸𝑦 =

𝐸2

cos(θ)4 + (
𝐸2
𝐺12

− 2𝜈21) sin(θ)
2cos(θ)2 +

𝐸2
𝐸1
sin(θ)4

 
Eq. App.  I-6 

 𝜈𝑦𝑥 =
𝜈21(sin(θ)

4 + cos(θ)4) − (1 +
𝐸2
𝐸1
−
𝐸2
𝐺12
) sin(θ)2cos(θ)2

cos(θ)4 + (
𝐸2
𝐺12

− 2𝜈21) sin(θ)
2cos(θ)2 +

𝐸2
𝐸1
sin(θ)2

 Eq. App.  I-7 

 
𝐺𝑥𝑦 =

𝐺12

sin(θ)4 + cos(θ)4 + 2(
2𝐺12
𝐸1

(1 + 2𝜈12) +
2𝐺12
𝐸2

− 1) sin(θ)2cos(θ)2
 

Eq. App.  I-8 
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J. Determination of The Principal Stresses (Mohr’s Circle) 

The stress transformation matrix for plane stress given as  

 {

𝜎1
𝜎2
𝜏12

} = [

cos(θ)2 sin(θ)2 2cos(θ)sin(θ)

sin(θ)2 cos(θ)2 −2cos(θ)sin(θ)

−cos(θ)sin(θ) cos(θ)sin(θ) cos(θ)2 − sin(θ)2
] {

𝜎𝑥
𝜎𝑦
𝜏𝑥𝑦
}, Eq. App.  J-1 

yielding the general expressions 

 

𝜎𝑥𝑥
′ = 𝜎𝑥𝑥cos

2 𝜃𝑃 + 𝜎𝑦𝑦sin
2 𝜃𝑃 + 2𝜏𝑥𝑦sin 𝜃𝑃cos 𝜃𝑃

𝜎𝑦𝑦
′ = 𝜎𝑥𝑥sin

2 𝜃𝑃 + 𝜎𝑦𝑦cos
2 𝜃𝑃 − 2𝜏𝑥𝑦sin 𝜃𝑃cos 𝜃𝑃

𝜏𝑥𝑦
′ = (𝜎𝑦𝑦 − 𝜎𝑥𝑥)sin 𝜃cos 𝜃𝑃 + 𝜏𝑥𝑦(cos

2 𝜃𝑃 − sin
2 𝜃𝑃)

. Eq. App.  J-2 

Subsequently, the principal stress angle 𝜃𝑃 is determined by setting 𝜏𝑥𝑦
′ = 0, 

simplifying Eq. App.  J-2 into [504,505]: 

 tan(2𝜃𝑃) =
2𝜏𝑥𝑦

𝜎𝑥𝑥 − 𝜎𝑦𝑦
. Eq. App.  J-3 

The maximum and minimum (principal) stresses in a two-dimensional stress state can 

thus be determined from 

 𝜎𝑚𝑎𝑥 , 𝜎𝑚𝑖𝑛 =
𝜎𝑥𝑥 + 𝜎𝑦𝑦

2
± √(

𝜎𝑥𝑥 − 𝜎𝑦𝑦

2
)
2

+ 𝜏𝑥𝑦
2 . Eq. App.  J-4 
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K. LatTess Software GUI 

 

Fig. App. K-1:Snapshots of the LatTess software tool for (a) tessellating, (b) grading and (c) morphing (d) a 

selection of different  unit cells (e) within predefined regions within a given design space before (f) outputting 

an STL or FEA mesh of the as-is or intersected (i.e. custom) part. 
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L. Trigonometric Definition of Strut- And Surface-Based Lattices   

Strut-based unit cells are defined via the connectivity of the vertices and their strut 

diameter or if defined implicitly via the iso-value t. A solid geometric surface representation 

of a TPMS structure, defined as implicit trigonometric function, is expressed as the inequality 

condition, 

 𝑓(𝑥, 𝑦, 𝑧) ≤ 𝑡 Eq. App.  L-1 

whereby the iso-value t controls the offset from the zero level-set. Here, the double variant i.e. 

the matrix phase is considered,  

 𝑓𝑛(𝑥, 𝑦, 𝑧) ≤ 𝑡𝑛(𝑥, 𝑦, 𝑧)      𝑛 = {
1, 𝑠𝑖𝑛𝑔𝑙𝑒 𝑣𝑎𝑟𝑖𝑎𝑛𝑡 (𝑛𝑒𝑡𝑤𝑜𝑟𝑘 𝑝ℎ𝑎𝑠𝑒)

2, 𝑑𝑜𝑢𝑏𝑙𝑒 𝑣𝑎𝑟𝑖𝑎𝑛𝑡 (𝑚𝑎𝑡𝑟𝑖𝑥 𝑝ℎ𝑎𝑠𝑒)  
 Eq. App.  L-2 

with [-t, t] constituting the interval for the density bounds i.e. the two manifolds of the network 

phase defined for -t < f > t.  Meanwhile an extensive library of TPMS cells exist [337], which 

is constantly being extended. This work is limited to SP and GY which are defined by the 

following functions: 

 

𝑓𝑆𝑃(𝑥, 𝑦, 𝑧) = cos(𝜆𝑥𝑥) + cos(𝜆𝑦𝑦) +  cos (𝜆𝑧𝑧) Eq. App.  L-3 

 

𝑓𝐺𝑌(𝑥, 𝑦, 𝑧) = cos(𝜆𝑥𝑥) ∗ sin (𝜆𝑦𝑦) + cos(𝜆𝑦𝑦) ∗ sin (𝜆𝑧𝑧)

+  cos (𝜆𝑧𝑧) ∗ sin (𝜆𝑥𝑥) 
Eq. App.  L-4 

The periodicity in three dimensions is defined by λi = 2𝜋 ∗ 𝑛𝑖/𝐿𝑖, where ni defines the 

number of cell tessellations/repetitions along the lattice edge length Li. 
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M. Functional Grading of Density and Unit Cell Size 

Density grading of the strut-based BCC lattice can either be implemented through 

control over the iso-value t if the lattice is defined as a piece-wise implicit function or by 

stacking 2D slices of the unit cell with varying strut diameters to match the envisaged volume 

fraction. LatTess chooses from a pre-computed library of strut-based lattices with various 

densities to achieve the desired gradient at a given volume faction. 

Density grading of TPMS lattices was conducted in 4D space, whereby the volume 

fraction variation in space is realised via the iso-value t. As described in Eq. App.  L-2 and 

detailed in [52], the iso-value t controls the wall-thickness of the matrix phase and is thus used 

to govern variation of the volume fraction within 3D-space i.e. enable continuous density 

grading. 

The hybridisation approach for morphing dissimilar unit cells or creating a smooth 

transition between unit cells with different edge lengths has been proposed in [311], where the 

authors utilised a sigmoid function to merge the implicitly defined surfaces, meaning only two 

structures can be morphed together at the same time. The underlying theory behind the 

hybridisation is that each member structure 𝜙𝑗 is governed by a weighting function 𝛽𝑗, varying 

between [0,1], such that the following holds: 

 

𝜙ℎ𝑦𝑏(𝑥, 𝑦, 𝑧) =∑  

𝑛

𝑗=1

𝛽
𝑗
(𝑥, 𝑦, 𝑧)𝜙𝑗(𝑥, 𝑦, 𝑧)

∑  

𝑛

𝑗=1

𝛽
𝑗
(𝑥, 𝑦, 𝑧) = 1

 Eq. App.  M-1 

With the Sigmoid function defined as 

 𝛽 =
1

1 + 𝑒−𝑐(𝑥−𝑥𝑚)
 Eq. App.  M-2 

where c controls the slope of the transition, xm governs the centre of the transition along the 

range x. As there are only two weighting functions, the hybridised structure can be expressed 

analogue to the rule of mixture as 

 𝜙ℎ𝑦𝑏 = 𝛽𝑓1 + (1 − 𝛽)𝑓2 . Eq. App.  M-3 

In this way SP and GY lattices with different severities of unit cell grading with a fixed 

3x3 unit cell base layer at a cells edge length of 10 mm, were created. Fig. App. M-1 showcases 

the two most severely graded variants with a hybridisation of three to six to nine unit cells. The 
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transition slope was kept constant across all specimens. Similar to the density-graded FGLs, 

the direction of grading was defined along the z-axis for the remainder of the work. 

 

Fig. App. M-1: Isometric and front view of a (a) GY and (b) SP lattice with a unit cell size gradient in the z-

direction, realized through a cell size hybridization at two equidistant positions (10 mm and 20 mm) along the 

edge length. The unit cell count per edge length in the three segments changes from 3 to 6 to 9, hence the 

nomenclature convention 3-6-9. c) Typical Sigmoid function with a slope of c = 2, showing the weighting 

function 𝛽 versus the positional parameter x (here centre of transition with 𝛽 = 0.5 is at xm =0). 
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N. Machine Compliance Calibration and Poisson’s Ratio Measurement 

Fig. App. N-1 displays a selection graphs with the force versus nominal strain 

recordings of uniform density lattices and density-graded lattices tested in compression. Plotted 

are the ‘as-measured’ (original) and calibrated (considering machine compliance) curves. Fig. 

App. N-2 illustrates how the axial and transverse strain were measured using the digital image 

correlation software Imetrum. 

  
(a) (b) 

  
(c) (d) 

Fig. App. N-1: Force versus strain curves, comparing original and calibrated (machine compliance) data of the 

(a)/(b) uniform density and (c)/(d) density graded BCC lattices with (a) �̅� = 0.35, (b) �̅� = 0.65 (c) ∆𝜌 = 0.2 −
0.8 and (d) ∆𝜌 = 0.4 − 0.6. 

 

 

Fig. App. N-2: Schematic, illustrating the strain measurements taken during compression testing of lattices. 
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O. Response Surface Foam Hardening BCC and SP lattices 

 
Fig. App. O-1: Foam hardening response surfaces as a function of lattice density created through locally 

weighted linear regression of the uniform (a)/(c) BCC and (b)/(d) SP lattices. (a)/(b) Show the true stress-strain 

curve and (c)/(d) show the normalised true stress over true plastic strain plot for different lattice densities, 

including red lines and dotted black lines indicating the responses of each single unit cell layer of a linearly 

graded FGL (here ∆𝜌 = 0.2-0.8 as illustrated) based on the average density in each layer. The dashed green 

lines in (a)/(b) and the turquoise and red lines in (c)/(d) highlight the densification front/onset, i.e. for strains 

exceeding this threshold, stresses increase rapidly. 

 


