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STRUCTURED ABSTRACT

Purpose — Fibre-reinforced additive manufacturing (FRAM) with short and continuous
fibres yields light and stiff parts and thus increasing industry acceptance. High material
anisotropy and specific manufacturing constraints shift the focus towards design for AM
(DfAM), particularly on toolpath strategies. Assessing the design-property-processing relations
of infill patterns is fundamental to establishing design guidelines for FRAM.

Design/methodology/approach — Subject to the DfAM factors performance, economy
and manufacturability, the efficacy of two conventional infill patterns (grid and concentric)
was compared with two custom strategies derived from the medial axis transformation (MAT)
and guided by the principal stresses (MPS). The recorded stiffness and strength, the required
CPU and print time, and the degree of path undulation and effective fibre utilisation (minimum
printable fibre length) associated with each pattern, served as assessment indices for different
case studies. Moreover, the influence of material anisotropy was examined, and a stiffness-
alignment index was introduced to predict a pattern’s performance.

Findings — The highest stiffnesses and strengths were recorded for the MPS infill,
emphasising the need for tailoring print paths rather than employing fixed patterns. In contrast
to the grid infill, the concentric infill offered short print times and reasonable utilisation of
continuous fibres. The MAT-based infill yielded an excellent compromise between the three
DfAM factors and experimentally resulted in the best performance.

Originality — This constitutes the first comprehensive investigation into infill patterns
under DfAM consideration for FRAM, facilitating design and processing choices.

Keywords: Design for Additive Manufacturing; Toolpath Strategy; Fibre-Reinforced Additive

Manufacturing

Article Classification: Original Article

1 Introduction

Over the last decade, fibre-reinforced additive manufacturing (FRAM) has gained growing
popularity in academia [1-8] and the industry [9-11], as it is deemed very promising for a
range of industries such as aerospace, automotive and the biomedical sector [1,12,13].
Alongside, relevant software and hardware have emerged, consequently shifting the
application and perception of polymers away from a pure means of prototyping towards an
outright manufacturing method for the fabrication of strong, light and robust end-use parts.



oNOYTULT D WN =

Rapid Prototyping Journal

Rapid Prototyping Journal

1.1 Fibre-reinforced AM (FRAM)

FRAM commonly encompasses the fused deposition modelling (FDM) of polymer-based
filaments with short (S-FRAM) and continuous (C-FRAM) fibres as recently reviewed in
[1,14,15]. Such layered manufacturing processes promote transversely isotropic properties
(difference between in-plane and out-of-plane properties), following comparable rules found
in composite laminate theories [16]. With FRAM, the fibre orientation thus clearly defines the
favourable loading direction, which is the print direction (C-FRAM is comparable to, e.g.
tailored fibre placement processes). The shear stress induced in the nozzle naturally aligns the
(short) fibres along the printing direction [17-24], hence yielding enhanced properties in this
direction. Various studies reported improved mechanical performance (Young’s modulus and
strength) of short [17,18,20,25-29] and continuous [4,30-51] fibre-reinforced parts compared
to the unreinforced counterparts. A fivefold difference in Young’s modulus between tension
specimens printed in the longitudinal and transverse direction was, e.g. ascertained in [29]. The
fibre volume fraction was identified as the most important factor affecting the performance
[29]. Additionally, the critical fibre length, i.e. the fibre’s effective length after extrusion, have
been identified as decisive [19,26]. Multiple processing parameters [18,52-55] affect the
performance, including inter- and intra-bead porosity [20,33,45,47,48,53,56,57]. For an
overview of the mechanical properties and characteristics of FRAM, please refer to [15,56,58—
60].

As the part performance is closely interconnected with both the manufacturability and the
part and process design, the toolpath strategies, i.e. infill patterns, are becoming vital factors
for the performance of AM parts. In [44], it was shown that the application of specific
reinforcement design guidelines can significantly improve the strength, stiffness and toughness
of parts manufactured with C-FRAM. Therefore, generic infills are no longer adequate, i.e.
custom Slicer software for a tailored toolpath generation as well as updated design guidelines
and rules will be essential in harnessing the capabilities of FRAM.

1.2 DfAM and tool path generation with FRAM

To unlock the full potential of AM, DfAM considerations are vital [61]. The slicing of
CAD models is universal to all AM-processes and links design and manufacturing stages.
Printing with continuous fibres poses unique manufacturing constraints, stemming from the
necessary cutting process between individual paths (extrusion-free tool movement).
Furthermore, the deposition of fibres is limited by the hardware-specific minimum length or
minimum volume that can be reinforced (distance between the cut origin in the print head and
the tip of the nozzle as shown in Fig. 5b)). Additionally, the smallest reinforceable feature size
and the minimum fibre radius must be considered.

As reviewed in [62], various generic infill patterns including the raster path [63], zig-
zag path [64—67], contour path [68—70], spiral path [71-73], hybrid path [74,75], maze-like
path [76] and continuous path [77,78] have been analysed for unreinforced applications. They
are partly incorporated into today’s Slicing software. Moreover, the economic side of DfAM,
i.e. computationally inexpensive [79] and time-efficient patterns based on the ‘Traveling
Salesman’ algorithm [80,81] or machine learning algorithms [82], have also been considered.
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Besides the fact that most of these toolpath strategies do not cater for the aforementioned
manufacturing constraints of FRAM, aspects of performance will vary depending on the pattern
and custom infill patterns will generally exhibit superior performances [83].

In the context of performance, the effect of different infill patterns on the mechanical
properties has been investigated [39,52,84]. A higher flexural strength of continuous deposition
path over zig-zag patterns was determined in [78], and maze-like patterns [76] were found to
promote (quasi-) isotropic properties. The dependence of the detrimental in-plane gaps
(porosity) on the infill strategy and parameters and geometrical features and complexity has
been demonstrated in [45,52,57]. An appropriate approach for a pore-reducing infill strategy
has been shown in [62,85-87].

Current challenges for DfAM with fibre-reinforced filaments revolve around
understanding the impact and constraints of the material- [88] and process-induced orthotropy
[89,90] to inform better infill strategies, harnessing the potential of FRAM. Ideally, a
concurrent optimisation of fibre trajectories and layout is required for this purpose, which is
the subject of growing investigation [91-94] in, e.g. topology optimisation (TO). In this
context, investigations revealed a link between mechanical efficiency and the expected stress
direction using different patterns in the shell and infill region [91]. The contour paths derived
from TO have also been used in [92] for a path planning solution for C-FRAM. This approach
has been demonstrated to improve the part’s strength. A similar steering method introduced in
[93] led to a concurrent TO algorithm geared towards maximum stiffness and global control of
the deposition paths [94].

From a practical standpoint, the superimposition of a given layout with print paths is
more feasible to date as most design approaches consider isotropic materials. The above
research direction on concurrent optimisation is still in its infancy. Moreover, independent of
the design approach, the continuity of the paths [33,95] constitutes another critical aspect in
FRAM. As the number and location of discontinuities represent points of failure, i.e. weak-
spots [33,96], a single and continuous infill strategy [97] could be promising for C-FRAM,
additionally easing processing. In [95], researchers presented a least-squares and continuity
constraint approach and a pattern derived from streamlines, improving the compliance of S-
FRAM test samples. An increase in stiffness with infills aligning predominantly with the load
trajectories was also exemplified experimentally using short- and continuous fibre filaments
[96]. Inspiration for more advanced pathing strategies can also be drawn from TFP, including
e.g. a stress-adapted tool path design [98] or equidistant and gap-free pathing methods derived
from the fast marching method [99].

The number of slicing software for C-FRAM to date (see Table 1) is sparse and
capabilities are still restrictive, which has also been indicated in [39,96]. Only a few control
parameters and means to tailor the infill patterns are provided, often leading to fragmented and
inefficient reinforcements with locally uneven or asymmetric distribution of fibre content. This
leads to the requirement of time-consuming design adaptations. For complex freeform shapes,
simple feature-recognition approaches (i.e. local hole reinforcement) or concentric infill
patterns as often used with C-FRAM are not always expedient (arbitrary if not load-bearing).
Moreover, if the external perimeters purely govern the paths, unreinforced artefacts, especially
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around smaller design features, may appear. Hence, an inside-out infill approach whereby the
infill is guided concurrently by the internal and external representation of the structure (like in
MAT and MPS) can potentially overcome these limitations. Generally, Slicing software should
provide automated and adaptive solutions, accounting for the pertinent stress profile while
avoiding excessive manual work and expertise in defining fibre paths.

Table 1: Tool path planning strategies and capabilities of commercial FRAM-specific slicer software.

Slicer (Company) Tool path planning features Additional capabilities
Eiger (Markforged) ¢ Concentric or Isotropic (stacking o Feature-recognition (reinforced
[100] sequence) infill inner and outer perimeters)
Fibrify™ ¢ Rectilinear, Concentric or Octogram o Integration into FEA software
(9T LABS) [101] spiral infill e Reinforced outer. shells ‘

e Polygon-based fibre placement e Corner fibre cutting corrections
Aura (Anisoprint) [102] | e Solid (stacking sequence) and grid-like o Feature-recognition (reinforced

infills with custom rib and guide angles inner and outer perimeters)
e Mask-based fibre placement

1.3 Scope and outline of the paper

The outline of the paper is as follows. First, the underlying framework for generating the
infill strategies (grid, concentric, MAT and MPS) is presented and subsequently, the DfAM
factors (performance, economy and manufacturability) and associated assessment indices are
introduced. Subsequently, in the last part of the methodology, the investigated case studies are
detailed. Benchmark performances are established in the results section, and their sensitivity
to fibre angle deviation is analysed, constituting comparative values for the four infill patterns.
Next, DfAM indices are assessed for different case studies. Subsequently, the effect of material
orthotropy is examined (S-FRAM vs C-FRAM). Finally, an experimental verification was
conducted before the conclusions are summarised.

2 Methodology
2.1 Generation of infill patterns

In the context of functional prototyping or end-use fabrication, Slicers must work in
conjunction with FEA software such that the infill pattern is tailored rather than generically
selected. Fig. 1a) illustrates a framework for the design with FRAM that has been established
(FRAMework) to create G-codes for the four infill strategies under investigation. Two typically
used generic infill patterns in today’s slicing software, namely grid (i.e. alternating +45° or
0°/90° print path orientation in consecutive layers) and concentric were compared to two novel
infill patterns, termed MPS and MAT (see Fig. 1d/e)).

Geared towards an improved agreement between principal stress trajectories and tool
path direction (i.e. fibre direction), it is hypothesised that the custom infills (MAT and MPS)
improve the performance over conventional and fixed infill patterns. MAT is derived from the
medial axis and is aimed at quickly and automatically providing a reinforcement pattern that
mimics/maps the actual outline/geometry of the design. Hence, it is believed to be particularly
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efficient for complex geometries with multiple boundaries. The MPS approach is geared
towards a strategic placement of fibres to adapt to the specific loading scenario. Here, the
optimum tool path strategy is derived from the principal stress trajectories, as obtained from a
preceding FEA. The MAT infill is thus geometry-orientated, whereas stresses drive the MPS
infill. Both strategies have emerged from the pursuit to best utilise continuous fibre printing by
providing a higher degree of tailorability and purposefulness than the conventional infills used

/ c)
“

a) b)
Inputs

-------------------------
Define print |
parameters (PP)

fgreemen
resolution —

1
1
i
|
1
Define infill pattern BP? !
(1p): yes | /
i T I A
" anstorma ==
Transformation structure through : et d
F-H (maT) |\ |EEEEERE )
] 2. Concentric (Con) Conduct FEA with i \ qE= .
| 3. Grid/+45° (G) isotropic propertiesto | ! \ =
! 4, Main principle obtain principle stress | J|1|3|5 B
! stress (MPS) trajectories | 1[3]5]5[5]s
1
: Generate and dilate Compute key 1 1)13/3/3|3|3
| MAT until trajectories originating | | 1j1/1)1 1
1 intersection with from boundary and '
1 shell no loading nodes ! '
] L 1
1 Y T
if 1
1 Mergn:&:l;elland H Ide:;m\;::ﬂll H Merging shell and MAT ‘: eJ f)
1
e S S Create infill Postprocess |
attern toalpaths for |
improved 1
manufacturabilit i
1
Define and :
postprocess print !
paths and assign Gap-length and Write Geode -
domain-specific ap-% > Tol A A
identifiers ) . L
Shell Il Infill Medial Axis Dilation

L J

L [ Medial Axis/Main Principal Stress Trajectories

Fig. 1: a) FRAMework - Flowchart highlighting the different steps for generating the G-code based on selected
infill patterns and print parameters. b-f) Schematics of the b) £45° and c) 0°/90° grid infill, including the
element numbering scheme. d) Concentric, €) MPS, and f) MAT infill strategies. Note that the concentric and
MAT infill are identical due to simple geometry, and for the grid infill, only one layer is displayed.

As prefaced, this work focuses on a slice-by-slice 2D analysis of infill patterns for a
specific load case. Single bitmap images were analysed; thus, the method encompasses the
approach from a pixel environment to a continuous toolpath. MATLAB® 2018b’s image
processing toolbox was used to realise a code that would transform a bitmap image into the
four infill patterns and finally into a G-code text file (as illustrated in Fig. 1)).

Initially, the bitmap image resolution (i.e. the pixel-density) must be adjusted to the
print parameters and the physical size such that the bead-width of the printer (product of the
nozzle diameter and layer height) produces a good inter-bead bonding. Subsequently,
assignment of the domains 1) shell, i) medial axis or principal stress trajectory and iii) infill
was conducted (in this order). For this purpose, a numbering scheme was introduced to identify
individual print paths and their associated domains. Each was tagged with unique identifiers
(compare close-up in Fig. 1b)).
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2.1.1 Conventional vs custom infill patterns

Across all four infill patterns, three concentric shell layers were defined first, clearly
delimiting the outer-most perimeter and inner-most perimeters (holes) while providing a good
surface finish. This is a common approach implemented in commercial slicing software.
Erosion and dilation processes applied to the boundary elements of the bitmap slice defined the
adjacent shell layers. An in-build MATLAB function (bwtraceboundary) was used to trace the
boundary of those closed-loops, providing ordered pixel subscripts. For this purpose, a random
start point was selected to avoid fibre discontinuities or resin-rich areas that would impair
structural performance. The grid and concentric patterns were subsequently defined via
Boolean operation and erosion/dilation steps. Here, MATLAB’s in-build bwlabel function was
utilised for assigning unique path identifiers.

The MAT-based infill follows the example of the author’s previous work [39]; here,
the skeletonisation was implemented with MATLAB’s in-build bwmorph function, as
demonstrated in Fig. 2. As the medial axis is established successively from the smallest to the
largest index in the bitmap matrix, post-processing steps were required to clean redundant
spurs/branches or ensure symmetry (e.g. symmetric slice). The branched medial axes were
segmented so that they can later be printed individually. The next step consisted of the recursive
dilation of the medial axis until the intersection with a shell layer (see Fig. 2¢)). This yielded
an infill pattern concentrically formed from the inside out with MAT-identifiers for each
skeletal shell layer/toolpath. The remaining domains were finally filled with concentric
toolpaths.

a) b) c)

® | )

Fig. 2: Medial axis transformation a) before and b) after post-processing, exemplified by the simple cubic slice
with a hole. c) Dilation of medial axis up to perimeter and d) infill of remaining space with the concentric
pattern.

On the other hand, the MPS-paths follows an approach whereby the node at which the
load or the boundary conditions are applied were used as starting points for establishing the
‘main’ principal stress paths using MATLAB’s in-build streamline function (compare Fig.
le)). MPS is used to establish literal guidelines used to fill the remaining domains with a
concentric infill. Thus, it represents an approach for determining the dominant path, governing
a simplified blueprint of the stress state. In cases where multiple nodes were constrained, a
node at or close to the centre of this array was selected. Likewise, the starting node of the MPS
was manually chosen for slices with multiple holes that manifested in various branched-out
features. This ensured that emerging stand-alone paths occupy/encapsulate a large portion of
the slice (comparable to the links between the branches of the medial axis).

6
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2.1.2  Toolpath post-processing

As shown in Fig. 3, a two-stage line simplification operation was conducted when
transforming the pixelated toolpath into the G-code. This included: 1) Reduction of straight
lines to start- and end-points to reduce the G-code size and ii) mitigation of the staircasing
effect in case of paths angled at 45° to improve the path’s smoothness and hence the
manufacturability. Resultant isolated or ‘empty’ pixels (no connectivity in 3x3 vicinity) have
been compensated for in the G-code with increased extrusion values. Likewise, these elements
were assigned an equivalent average of fibre angle in the FEA based on the 3x3 neighbourhood
(see Fig. 3e)). In all other elements, the principal material direction was aligning with the
toolpath direction.

a) -
e = Shell

b) T ©)
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N I Iy
L ty.y = g Z Ox4m.y+n
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Fig. 3: a) Tension specimen with concentric infill and b) close-up showing the toolpaths. c/d) Visualisation of
the line simplification for straight and staircased toolpaths, including ¢) the approach for determining the
average fibre angle in pixel artefacts. f-h) Different implementations of toolpath start- and end-point
implementations from worse to best: f) Locally fixed; g) randomised (used in this work) and h) continuous.

2.2 DfAM factors and associated assessment indices

Seven different assessment indices related to the three different DfAM factors: 1)
Economy, ii) Manufacturability and iii) Performance were chosen for comparing the
characteristics of the different infill patterns, as summarised in Table 2. The numerical results
of each DfAM index are analysed in spider plots to elucidate potential interdependencies and
characteristic features.
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Table 2: Assessment matrix for analysing different DfAM factors.

DfAM
Factors | Assessment indices | Metric | Method Software/Code

Sum of elemental [Jm3] o FEA with C3D8R elements Abaqus/In-
strain energies e Output variable: SENER house
Maximum stress [MPa] e FEA with C3D8R elements Abaqus/In-

° e Output variable: S11; S22; S33; S12; S23; house

2 S13

g Normalised [%] e FEA with C3D8R elements Abaqus/In-

S Stiffness- e The direction of tool path vs Cauchy stress | house

5 Alignment Index P/ tensor (Mohr’s Circle) as normalised strain

A energy score from 0 to 1

e Elemental strain magnitude is factored in

Material orthotropy | [/] o FEA with C3DS8R elements n.a.
(S-/C-FRAM) * e Material properties (see Table 5)

= Sinuosity Index [1,00] ¢ Douglas-Peucker-Algorithm [103] MATLAB/Rec

:E SI e Average of SI-scores obtained with the ursive polyline

8 tolerances taking the values: 0.001; 0.8; 1 simplification

£ and 1.2. function [104]

“E Tool path length > [%] o The Euclidian distance of discretised Abaqus/In-

E 40 mm toolpaths house

=

. CPU time [sec] ¢ Time from reading the bitmap file to MATLAB/tic-

g writing a G-code toc function

g Print time [sec] e Time for printing a single layer based on MATLAB/in-

2 print and travel speed house

#Note: This is an intrinsic material factor affecting the performance and was assessed separately.

Performance — The performance factor captures stiffness as the sum of strain energies
(inverse of stiffness), the maximum stress. Moreover, the accordance of the tool paths with the
principal stress trajectories was determined. This last parameter was termed the stiffness-
alignment index and assesses the efficacy of the infills. It was established by conducting an
FEA considering isotropic material properties, which yields the element-wise principal stress
trajectories i.e. the ideal fibre-alignment (also used for MPS). Aligning the principal material
properties in each element with the corresponding principal stress direction thus provided the
optimal benchmark example, which was decoupled from any toolpath constraints. For this
purpose, the fibre angle (i.e. the principle material orientation) in each element was rotated by
6 in steps of x such that

x={5rr=10+10xnn€{0,1,..8}} (Eq.1)

As the investigated case studies (see Table 3) are symmetric along the loading axis, the
elements on the left and right were rotated clockwise or anti-clockwise and vice versa.
Consequently, the strain energy and stress values for angle deviations from -90° < 8 < 90°
were obtained. The data was subsequently fitted x-1 order polynomial function f(PI(8)) and
normalised by the lowest elemental strain energy SE recorded for the optimal benchmark case.

N
Zi =10

min (SEQ(X)) :
x-n

SEip

F(PI(0)) with: PI(6) = (Eq.2)

8
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Similarly, the change of the maximum local stress was plotted as a function of fibre
angle deviation. Drawing the parallel to the density-based topology optimisation method [105],
PI(0) of an element was penalised by a factor of three based on its normalised elemental strain
energy such that P/ yields the average performance given as

1N
Pl =75 Z f(PI(86)) X SEiporm’ + 1, (Eq.3)

with Af; as the elemental fibre angle deviation between the toolpath and the principal stress
direction (i.e. benchmark case). This ensures that the element-wise stress intensity is factored
into the normalised performance index PI (8), expressing a joint parameter between stiffness
and alignment.

Another aspect affecting the performance-related indices are the material properties.
The degree of material orthotropy, i.e. the ratio between the elastic constants E;; to E,,, is
significantly different between S-FRAM and C-FRAM (see Table 5). While this is an intrinsic
material factor, it will be assessed separately from the remaining six indices.

Economy — With regards to economy, i.e. cost-efficiency, the computational expense
for transforming the design to the G-code (i.e. CPU time) and the actual print time, which is a
product of print/moving speed and distance between individual paths. The randomisations in
path initiation and direction and the iterative nature of the code (compare Fig. 1) affect the final
pattern and G-code. Thus, it must be noted that the presented codes are not optimised for a
minimum print time. Consequently, CPU times for repeated runs will not be identical and thus
not rigorously comparable; however, they will still be reported to reflect trends.

Manufacturability — The paths' smoothness (sinuosity index) and length (percentage
paths greater than a certain threshold) were analysed. 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 as shown in Fig. 5b)) must be considered

) _ O& Y ——
1!

C-FRAM S-FRAM C-FRAM S-FRAM

Fig. 4: a/c) Schematic illustration of a slice with a a/b) concentric and a ¢/d) grid infill (showing 45° path angle)
together with b/d) the corresponding C-FRAM and S-FRAM domains based on the minimum fibre length.

2.3 Case studies and implementation

The subjects of the investigation are three different case studies to elucidate how 1) the
loading scenario, ii) the geometry and iii) the material properties influence the DFAM-specific
assessment indices. Firstly, the open-hole tension case- commonly used in the context of fibre-
placement - following the ASTM standard D5766/D5766M [106], is analysed to highlight

9
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DfAM specific differences between different infill patterns. Secondly, a tension specimen with
multiple open holes is presented to illustrate the influence of geometrical complexity. Thirdly,
a topology optimised 3-point-bending beam example (TO-3PB) - similar to the test set-up
described in ASTM D7264 /D7264M — 15 [107] - is analysed both numerically and
experimentally. It aims to highlight the effect of the degree of material anisotropy, the
performance considering multi-material prints (combined S-FRAM and C-FRAM), and
compare and verify the methodology, respectively. Test case III) is created using SIMP (Solid
Isotropic Material with Penalisation) topology optimisation method as presented in [105]. Key
metrics have been defined, which will be the focus in the assessment and discussion of the
results.

Table 3: Test case matrix visualising and summarising the case study configuration under investigation.

I) Single Open-Hole 1) Multiple Open-Hole III) TO-3PB
Case study
Tension Flexure
. , L1l
N 0.6L " N 0.6L "
B  —— R ‘ <—>C — R
e © 898 B % A
T W T P Yy —
Local area of interest Local area of interest 4 - '\ o A
Aspect ratio 5.6:1 1:3 1:3.4
e Hole radius: 6 mm e Hole radius: 4 mm Volume fraction= 0.6
Details o Cut-out area: 131 mm? e Cut-out area: 251 mm? Stepped point loads: 0.5N &
e Resultant load: 1N e Resultant load: 1N 1IN
e DfAM baseline for case e Influence of material
1) orthotropy on performance

d Inﬂuencg of higher . e Comparison to benchmark
geometrical complexity | o Pperformance considering
Sl DfAM i . . .
e Performance considering ggm aris oilnt o) multi-material prints (C-
multi-material prints (C- P FRAM vs S-FRAM)

FRAM vs S-FRAM) e Experimental verification

e Comparison to

Key metrics benchmark

Experimental details — The experimental investigation encompasses the TO-3PB test
case (see Table 3). A custom FDM 3D printer based on the Creality CR-10 (see Fig. 5) was
utilised for fabrication with the processing parameters as summarised in Table 4. It was
upgraded by micro-stepper motors geared toward high-precision material deposition, which
becomes particularly crucial for C-FRAM. A Duet3D [108] control-board, administering
multiple motors, fans and ensuring compatibility with G-code files based on the Marlin syntax
[109] was employed. Furthermore, the print head of the Markforged® MarkTwo [9] was
repurposed for this printer.

Table 4: 3D-printing manufacturing parameters.

Page 10 of 29

Print parameter Value Print parameter | Value Print parameter Value
Feedstock material | Onyx [9] | 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

10
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1

2

i Two samples for each infill pattern were printed, whereby only the +45° variant was
5 chosen as grid infill. The specimens were tested on a 10kN /nstron machine with a 3PB fixture
6 equipped with loading and support pins of 5 mm diameter (see Fig. 5¢)). The displacement
; control was applied at Imm/min.

9 , BO\\’dEllE)’tIl‘lldels N Duelextrusion

10 2 ) : " F::zt};;::pd b) Po&_vuél;r filament ~ Fibre ﬁimum}n —

1 1 - Mark2) Bearng . D | gear

12 1;1]21;1:“[ ontrol board Stepper e » [

_I 3 (Ilj)l'\‘l-lllxvx) ED“:.I Wi-Fi) motor - 4 '

14 . /’/ Powcr/smu‘cc A '

15 ey L / Bowden tube Fibre cutter

16 : % - y Print head~—___ = + Mini

17 y — mme " i . Hot cn(l‘_’ i’lbrc lengtl

18 = .

19 ™ Heated print-bed \ Nozze '/

20 : : . . . . oy

21 Fig. 5: a) Custom FDM printer for FRAM, equipped with a dual-extrusion head as schematically detailed in b).
22 ¢) 3-Point-Bending test setup for the topology optimised flexure specimens.

23

;g Simulation details — All FEA simulations were conducted in Abaqus/CAE2018, using
2% C3D8R elements, whereby the principal material direction £;; was element-wise adjusted to
27 fit the local toolpath direction. Both C-FRAM and S-FRAM properties were considered in the
28 case studies, shedding light on the effect of the level of material orthotropy (ratio of the elastic
29 ) . . . . .
30 Young’s moduli E;; to Ey;) on the mechanical performance. While the majority of material
31 properties of the short and continuous fibre-reinforced PA of Markforged Inc. have already
g; been experimentally determined elsewhere [110,111], to the knowledge of the authors, data on
34 the in-plane shear modulus Gy, has yet to be determined. As the level of orthotropy is low for
35 S-FRAM, the shear stiffness has been obtained assuming isotropic behaviour, i.e. Gy, = E{1/(2
36 x (14+vy2)).

% (1+v12)

38

39 Table 5: Material properties used for finite element analyses as obtained or approximated from experimental
40 studies.

2; Material E]] [GPa] E22 [GPa] E]l/E22 G12 [GPa] V12

43 S-FRAM [110] 1.9 1.1 1:1.7 0.7* 0.41

44 C-FRAM [111] 73.2 4.1 1:17.9 2.2 0.33

45 *Note: Approximation, assuming isotropic material behaviour: Gy, = E{1/(2 X (1+vy,)).

46

47

48 3 Results & Discussion

49

50 3.1  Performance as compared to the benchmark case

51 . . .

52 Case Study 1) — Fig. 6a-f) showcase the infills for the open-hole case studies as
53 developed according to the method discussed in paragraph 2.1. These were compared with the
>4 ideal benchmark case for which the principal material direction was aligned with the principal
gg stresses rather than the local toolpath orientation (see Fig. 6g-j)).

57

58

59

60
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Fig. 6: Visualisation 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 1) maximum stress
between the benchmark sample and the different infill.

As summarised in Fig. 6k/l), the ideal benchmark test case displayed the highest
stiffness and lowest local and mean stress, which is to be expected given that it is not limited
12
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by perimeter and infill constraints. The MPS yielded the highest overall structural performance
with up to three times lower sum of strain energies and ~40% lower maximum stress. The
concentric, MAT and 0°/90° grid infill had comparable performance, while the +45° grid
pattern was underperforming. The higher stiffness of the 0°/90° grid infill over the +45° grid
variant stems from the 0° layer, which is well-aligned with the principal stresses.

3.2 The influence of fibre angle deviation

Fig. 7a-d) illustrates the element-wise agreement between the printed bead orientation
and the theoretically ideal material orientation of the benchmark. With just over 50%
agreement, the grid infill patterns display overall the lowest adherence to the stress trajectories;
however, it yielded a more homogeneous distribution and a better agreement at the critical
regions around the holes and at the edges where the load is applied (pronounced edge effect
due to 90° misaligned paths). The MAT-based infill did not improve the alignment over the
generic concentric infill in these case studies. MPS displayed the best agreement (85-92%).

a) s3.6% . sa1% b)) s36% 72.1% c) 809% o TL6% d) 918% L s4S%

Good

C) f) Lmd\ g) l.n.tdI
E,

0°

=]
>

30° ~ 330°

Print head
movement in 60°
x-direction

300* 60°

E = 10°MPg
]nzul\

E = 10°MPa
270° 90° . 270°

—E,iE,, = 17.9:1

—E“:E22 =171

2400 120°

180° 180°

Fig. 7: 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 that 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 E;; and E, 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 vs S-FRAM).

Simply considering each element with a specific print path orientation as lamina, the
stiffness in a global coordinate system as a function of fibre orientation and material orthotropy
can be determined, as shown in Fig. 7f/g). Assuming that the principal material direction of an
element is orientated parallel to the loading direction, the maximum stiffness is obtained. How
the elastic constants change with the loading direction determines the achievable stiffness. As

the grid patterns have different toolpath orientations through the thickness, their variation in
13
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stiffness is more balanced as shown in Fig. 7f)) and thus less susceptibility to the reduction in
stiffness. The higher the level of orthotropy, the more significant the decrease in stiffness for
misaligned fibres (Fig. 7g)).

Recalling Fig. 6k/1), the £45° grid infill performed the worst while having a negligible
number of entirely misaligned fibres (i.e. by 90°) but a low overall agreement (Fig. 7a)). The
0°/90° grid variant, on the other hand, performed well while having a similar overall percentage
agreement between the principal stresses and the fibre angle (average fibre angle between the
two layers), however, with one of the layers being highly misaligned. Therefore, the stiffness-
alignment index is introduced, combining the global sensitivity to misalignment with the local
stress intensity to better capture and estimate the performance (see Fig. 8).
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Fig. 8: Fibre angle sensitivity analysis of the benchmark solution for case study ) and the trend 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 normalised performances PI(6). d) Penalisation factor (p=3) used to adjust the elemental score
before determining the e) average performance index PI.

The principal material directions were initially aligned with the principal stress
trajectories (recall 3.1) to obtain the benchmark performance. By element- and step-wise
rotation of the principal material direction under consideration of symmetry, strain energy and
stress performance curves were obtained (see Fig. 8c)). Subsequently, the elemental stress
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intensity was factorised into elemental score PI(0). Finally, element scores were averaged,
which yielded the stiffness-alignment index P/, as described in paragraph 2.2.

3.3 The influence of the geometrical complexity on the assessment indices

Overall, Fig. 10 summarises the achieved scores for each index, highlighting
dependencies between them and providing better design choices based on a given objective
(e.g. lowest print time is prioritised). In the following, each corresponding DfAM factor will
be discussed individually based on the key metrics stated in Table 3.

Economy — The concentric infill was the most cost-efficient strategy as CPU and print
time are most favourable. The additional FEA step required for MPS made it the slowest
regarding computational time, however, by less than 10% compared to the concentric option.
The print time for the +45° grid infill was ~25% greater than the fastest strategy (concentric).
However, it incorporates excessive print head movements; thus, a continuous and meandering
implementation would have reduced the time (e.g. compare implementation shown in Fig. 3h)).
The MAT and MPS infills required more iterative loops to define the paths explicitly due to
the toolpath simplification steps (refer to section 2.1.2). Between cases ) and I1) the CPU time
changed in favour of MAT. It is more rapidly capturing the critical geometrical features despite
the increased number of boundaries.

Performance — The MPS strategy yielded the lowest sum of strain energies and lowest
maximum stress, making it the stiffest and potentially strongest pattern. The second-highest
performance was recorded for the 0°/90° grid infill, mainly driven by the 0° layer, representing
an almost ideal alignment for this test case. Similar strain energy and stress values were
observed in the concentric and MAT infill. However, the former displayed elements with
infinitely small strain in the multi open-hole case, contributing little to the load-bearing
capability and thus indicating an inefficient pattern. It was found that the edge-effect was
pronounced where the loads were applied in all specimens but the ones based on the grid infills
(see Fig. 9). This stems from numerous toolpaths aligned orthogonal to the loading direction
in the vicinity of the loading edges in the concentric and adaptive patterns, which caused high
strain energy in those elements.

In both test cases, the £45° grid infill displayed the highest sum of strain. Areas of high
strain were limited to the perimeters instead of the 0°/90° grid infill, displaying additional high-
stress regions around the holes. The mean and standard deviation of the local stresses was
highest for the 0°/90° grid infill, stemming from oppositely aligned fibres in the two layers,
making the interlaminar strength and, consequently, manufacturing quality pivotal in achieving
this performance. As this has not been considered in the FEA, it can be assumed that its
performance might be overestimated. The concentric and both adaptive patterns achieved low
mean stresses in the local area. In addition, a significantly lower maximum stress was recorded
for the MPS infill compared to the +45° grid pattern. This ratio between the maximum and
average local stress was exceptionally high for the concentric infill, resonating with the lack of
homogeneity, as shown in Fig. 7.
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The stiffness-alignment index, introduced in 3.2, was found to constitute a reasonable
estimate for the performance, i.e. was in good agreement with the recorded sum of strain
energies (see Fig. 10). Opposite to comparing the general agreement of paths and principal
stress (compare Fig. 7a-d)), it did estimate the performance better. Only the P/ of the 0°/90°
grid infill did not adhere to the expected stiffness value as merely the 0° paths contributed to
the stiffness, while the second layer does not and is hence skewing the result.

Manufacturability — While only the concentric infill provided consistently good results
regarding the percentage of path lengths above 40 mm, the grid infills outperformed in
sinuosity index. Both factors are considered vital for a good result when printing with
continuous fibres, but only MAT and MPS patterns could achieve a good compromise, deeming
them most suitable for C-FRAM. While the variation in performance in these two categories
ranged by only ~20% for S/, the differences were more significant in terms of minimum fibre
length, virtually rendering the £45° grid pattern inapplicable for C-FRAM.

Fig. 9: 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: The strain energy scale is not
universal; instead, the bounds in each test case were adjusted for best visualisation.

DfAM interdependencies — The relation between the print time and path length was
confirmed, which yielded good performances for both the concentric and MPS infills,
stemming from the continuity in which layers were printed. This avoided excessive extrusion-
free tool-movements, which would increase the required time. Thus, they are deemed the most
suitable for using C-FRAM from a fabrication standpoint and likely from a performance point
of view as a higher fibre volume fraction can be realised (see paragraph 2.2). In summary, Fig.
10 elucidates that while the MPS displayed the best overall structural performance for this test
case, the concentric and MAT patterns achieved a good balance across all categories.
Regarding the relation between the S/ index and performance, it is known that excessive fibre
undulation impairs the structural performance not only of fibre-reinforced composites
generally but also for AM-parts as it results in higher porosity. This is a particular issue for C-
FRAM. Thus, the infills with high SI values (see, e.g. concentric infill in Fig. 10) might
overestimate the achievable structural performance in the printed part.
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3.4  The influence of material orthotropy (C-FRAM vs S-FRAM)

Fig. 11a-d) exemplarily displays the two adaptive infill patterns used to model and print
the test case III). Additionally, Fig. 12 summarises the DfAM factors, assuming either C-
FRAM or S-FRAM properties. While the focus lies on the performance factor, it must be noted
that similar to case study I), both the MAT and concentric infills achieved a good average score
across all seven indices.

a) o
. ; \ 5:.:5%—'—?3 7
”M g
Hi {
A

Fig. 11: Visualisation of a) MAT and c) MPS infill patterns employed for the TO-3PB test case. c) Close-up of
the MAT infill pattern. d) A shear stress diagram, including the main principal stresses, highlight the guiding
print paths used for the MPS strategy.

For the test case, assuming the C-FRAM properties, the grid infill showcased high strain
areas at the loading point and in the shell region, whereas the other infills displayed high strains
at the loading point and the recess close to the support points (see Fig. 13). On the contrary,
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the S-FRAM tests cases displayed a similar strain distribution. Overall, this was reflected in
the performance indices, as the MPS infill yielded the highest stiffness and strength with C-
FRAM, followed by the concentric and MAT infills. In contrast, with S-FRAM, both the sum
of strain energies and maximum stress varied less across the infills (see Fig. 12). Besides the
differences regarding the mechanical performance, it was found that the MAT infill strategies
- analogue to the open-hole case study - achieved a good compromise between the DFAM

factors.
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Fig. 12: Normalised 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.
(Spider plot visualisation adapted from [112]).

It was noted that the stiffness-alignment index, introduced in 3.2, constitutes a
reasonable estimate for the performance of C-FRAM, i.e. is in good agreement with the
recorded sum of strain energies (see Fig. 10 and Fig. 11a)). However, it is not suitable when
used with material properties with a low level of orthotropy (compare Fig. 11b/c)). Likewise,
a similar ranking was achieved concerning the maximum stress, i.e. the strength of the part till
yield. Significantly higher susceptibility to a fibre angle deviation from the benchmark case
was observed for the high-performance feedstock material (performance drop ~90% for C-
FRAM as opposed to ~40% for S-FRAM).

These findings emphasise that for C-FRAM, good alignment is crucial, making it
pivotal to tailor the tool paths. Consequently, it remains a necessity for slicing software
specialised in C-FRAM to expand the infill capabilities of traditional slicers and incorporate
adaptive strategies that exploit the potential of using high stiffness fibres, primarily as it is
geared towards end-use parts. While these performance gains or losses might seem marginal,
it is important to realise that this study only looks at two individual slices, whereas printed
builds are often composed of hundreds of layers. Thus, suggesting more significant
improvements in performance for the entire structure.
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Fig. 13: 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 were adjusted for best visualisation. f)
Normalised performance index a function of fibre angle deviation from principal stresses.

Multi-material printing — The previous studies have assumed single-material prints
mainly for continuous fibres; however, the hardware-specific minimum fibre length (recall Fig.
4) was not considered. Thus, in reality, it would not have been possible to print those parts
entirely with C-FRAM. Consequently, it was suggested that the performance was
overestimated, yielding no definitive conclusion on the dependence between manufacturability
and stiffness/maximum stress. Hence, case studies I) and III) are reiterated assuming co-
extrusion with both C-FRAM and S-FRAM. At the same time, the former is naturally
prioritised in pursuit of maximum performance (see Fig. 14). It was observed that the +45° grid
infill was inferior in both cases for the sum of strain energies and maximum stress. While
significant enhancement in stiffness was found for the tension specimens for all remaining
infills, under bending, the concentric, MAT and MPS infills outperform the grid variants. As
the 0/90° infill can only partially be printed using C-FRAM for case III), it yielded minimal
improvements. A similar trend was observed for the maximum stress. The concentric and MPS
infills showcased the highest reduction in stress by almost 50% and 40% for tests case I) and
III), respectively.

These findings constitute proof of the interdependency between manufacturability with
C-FRAM and performance. As shown in the spider plot in Fig. 12, the concentric and MPS
infill showed the highest percentage of paths with sufficient length for printing continuous
fibres. Thus, the positive correlation has been proven and should be considered in the design
with C-FRAM.
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3.5  Experimental verification of DfFAM factor performance

Extruded versions of the 2D topology were printed using S-FRAM to validate the FEAs
(recall 3.4). Note that only the +£45° variant of the grid infill was tested. Stiffness and ultimate
strength were deduced from the load-displacement data, as shown in Fig. 15. The MAT infill
was found to have the highest stiffness and ultimate strength, whereas the MPS infill enqueues

at the lower end of the performance spectrum. The grid infill shows overall a significantly

higher variability in performance.
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Fig. 15: a-d) Printed short fibre-reinforced 3PB test specimens with a) MAT, b) concentric, ¢) +45° grid, and
d) MPS infill. e) Load-displacement curves and corresponding bar plots for f) the stiffness and g) the ultimate

bending strength.
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Generally, a difference in maximum and minimum stiffness and strength of ~20% and
~15%, respectively, was observed. In comparison, a 10% difference in stiffness and equal
strength was suggested numerically (compare Fig. 12b)), thus being generally in good
accordance. One reason that the MAT infill performed well might stem from a high angle
agreement in combination with a reasonably good score for fibre undulation, i.e. sinuosity
index (compare Fig. 12b)), which promotes low porosity and thus higher performance. Other
aspects of manufacturability affecting the performance, including the inter-bead and inter-layer
bonding (determined by the degree of solidification, meaning the duration for an adjacent
path/layer to be printed), were not examined in this work but may explain the differences in
performance. Moreover, this study did not consider interlaminar shear stresses, potentially
revealing more or less favourable infill patterns and stacking sequences.

Fig. 16 displays the fractography images of the bending specimens. Except for one
MAT coupon, all specimens failed abruptly, i.e. catastrophically, primarily at the point where
the strain energy was identified as high and sharp geometry changes were present (compare
Fig. 13a-e)). Only the concentric specimens failed centrally between loading and support pins,
possibly due to the numerous paths orientated 90° to the loading direction in the vicinity of the
loading point.

MPS

Fig. 16: Macroscopic fractography of the TO-3PB specimens

4 Conclusions and Future Work

This work has compared two conventional infill patterns used in FRAM, namely grid
and concentric, with two novel adaptive strategies termed MAT and MPS, derived from the
medial axis (geometry-driven) and guided by the principal stresses, respectively. This
comparison was completed considering the DfFAM factors 1) performance, ii) economy and iii)
manufacturability. Seven related indices exemplified 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) from a numerical and experimental viewpoint. Benchmark structural
performances were established, aligning the fibre orientation with the principal stresses without
considering typical slicer constraints (e.g., shell layers, continuity of paths, et cetera). Their
sensitivity to fibre angle deviation was investigated, and a stiffness-alignment index was
introduced, which transpired to be efficient in estimating the performance for C-FRAM. In
summary, the following conclusions were drawn:

e The concentric infill scored highest for both print time and percentage of toolpaths greater
than the hardware-specific minimum fibre length (guaranteeing the use of continuous
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fibres). The grid infills generally performed poorly in those categories. Although, it ensured
low fibre undulation, which is critical for the manufacturability with C-FRAM and
guarantees low porosity prints. MAT and MPS displayed an excellent compromise between
print time, path length, and sinuosity thus deemed a promising contender for printing with
continuous fibres.

e The MPS strategy yields the highest stiffness (lowest sum of strain energies) and potentially
highest strength (lowest maximum stress) if feedstock with continuous fibre-reinforcement
is considered. However, differences in mechanical performance vanish for materials with
a low degree of material orthotropy, like those used in S-FRAM, which was verified in an
experimental investigation.

e The stiffness-alignment performance index constitutes a good estimator for the
performance for C-FRAM but less for S-FRAM. A positive correlation between a high
percentage of sufficiently long paths, guaranteeing the use of C-FRAM (high fibre volume
fraction), and high stiffness and low maximum stress was determined considering multi-
material prints with short and continuous fibres.

e The infills scored differently regarding the DfFAM factors, depending on the case study and
loading scenario. Thus, an automated and simulation-assisted Slicer outputting custom
toolpath strategy not only on a case-by-case but also on a slice-by-slice basis is
recommended.

Accounting for interlaminar stresses could be the subject of future work, concurrently
optimising the infill strategy and stacking sequence. Ongoing work ought to focus on
portraying the correlation between indicators for manufacturability and performance better,
especially considering C-FRAM as the placement, continuity or low fibre undulation become
increasingly important in achieving high performance. Consequently, more advanced toolpath
approaches, better leveraging the DfAM factors could materialise.
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