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Abstract. The approach of employing functionally graded infill structures to achieve a more targeted mechanical
performance of fused filament fabrication (FFF) components without the corresponding increase in material usage
is promising. In this investigation, FFF was used to produce seven polylactic acid (PLA) specimens with different
distributions of honeycomb fills in each zone and tested in three-point bending under qualifying ISO 178. Each
sample was partitioned into three equal sections where infill density was designated independently on a per-zone
basis by either gradient strategy, sandwich strategy and asymmetric strategy in addition to a common uniform 50%
infill control. The outer-dense sandwich (S-Out: 80/20/80) exhibited the highest elastic modulus (1753 £+ 67 MPa)
and the ultimate flexural strength (52.60 + 0.57 MPa) and the maximum specific flexural strength of 61.4 £ 0.5
kN-m-kg™!. These findings establish the importance of the spatial correspondence of infill density to the through-
thickness survey of bending stress distribution to determine flexural effectiveness much more than aggregate
material content, and that the principles of flexural effectiveness in sandwich composites can be directly applied
to zonal FFF infill structure.
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Introduction

In additive manufacturing and fused filament fabrication (FFF) specifically, there has been a swift
growth in the number of industries in which it is applied, such as biomedical devices in prototyping [1-
3], protective clothing [4-6] to load-bearing structural materials [7-9]. It has enabled FFF to be a
compelling platform for both research and engineering applications because of the capability to generate
geometrically complex components with controlled internal architecture at low costs [10]. The
mechanical behaviour of FFF-printed components is also dependent on a set of process and design
factors, extrusion temperature, layer height, raster orientation, and infill structure [11-15]. Of these, the
infill pattern and density have a direct effect on structural stiffness and strength, although most of the
previous literature has considered infill to be a homogenous, spatially uniform material spread uniformly
over an etched component.

Functionally graded materials (FGMs) represent a design technique where composition or structural
properties are continuously or discretely varied across a component to allow performance in certain
loading conditions to be optimised [16-18]. Flexural behaviour of FGM structures has been further
investigated analytically and experimentally, demonstrating the significant role of gradient distribution
on bending stiffness and failure [19-21]. The implementation of this concept to FFF infill design makes
it possible to control mechanical performance by applying it to isolated locations, avoiding multilateral
fabrication and/or post-processing, which is available as part of regular slicing processes.

Past research has shown that tensile mechanical properties of FFF-printed PLA differ significantly
between infill patterns with concentric and rectilinear geometries prevailing over less-aligned
configurations in modulus and strength [22]. Flexural behaviour has also been studied in terms of infill
density, and in most cases, the denser an infill is, the stiffer and stronger it is [23]. Architectures with
sandwich composite include have been found to provide high bending stiffness improvements by
concentrating material where bending stress is greatest [24]. Nevertheless, little systematic comparison
of discrete functionally graded zonal infill strategies under standardised flexural loading can be found
when the density is modified across mechanically motivated zones explicitly defined by the three-point
bending stress distribution. Most of the earlier gradient investigations have utilised continuously varying
density fields or single axis gradients instead of zone-resolved infill assignment.

The current research paper fills this gap by printing and experimenting seven FFF-printed PLA
samples where the honeycomb infill density is placed in three equal through thickness zones based on
gradient, sandwich, and asymmetric designs. The zone-splitting technique used here is a new and
practically available enactment of functional grading in regular FFF slicing equipment, not similar to
continuous gradient techniques or multimaterial extrusion.

DOI: 10.22616/ERDev.2026.25.TF154 838



ENGINEERING FOR RURAL DEVELOPMENT Jelgava, 27.-29.05.2026.

Materials and methods

All samples were 3D-printed with Prusament PLA filament (Prusa Polymers a.s., Prague, Czech
Republic) with a nominal diameter of 1.75 mm as mentioned in [19; 22]. PLA was chosen on its
extensively used application in FFF structural prototyping, mechanical behaviour and its application in
biomedical and lightweight structural applications. The printing was done using a Prusa Mini FFF
printer that had a 0.4 mm nozzle and a glass fibre build plate. Each parameter of the process was held
constant within all groups; the entire assortment of circumstances is summarised in Table 1.

Table 1
FFF process parameters were maintained constant across all specimen groups
Parameters Values
Filament (@ 1.75 mm) Prusament PLA
3D Printer Prusa Mini
Nozzle Diameter (mm) 0.4
Nozzle Temperature (°C) 215
Bed Temperature (°C) 60
Print Speed (mm/s) 25
Layer Height (mm) 0.2
Build Plate Glass fibre
Infill Pattern Honeycomb

To determine the effect of the density distribution of the zonal infill on flexural performance during
three-point bending, seven specimen configurations were developed. The samples were separated into
three equal horizontal segments using the thickness of the sample, and honeycomb fill was added to
each segment at densities of 20%, 50%, or 80% of the specimen to create arrangements where the high-
density material was aligned or misaligned with the stress gradient created by bending. The density
levels of 20%, 50%, and 80% were selected based on engineering judgment to represent low, medium,
and high infill extremes, providing a broad comparison range rather than a mathematically optimized
distribution. The zone boundaries were defined by the through-thickness bending stress profile, with
outer zones corresponding to peak tensile and compressive stress regions and the mid-zone
corresponding to the neutral axis. Under three-point bending, tensile and compressive stresses are
highest at the bottom and top exterior fibres of the specimen, respectively, and the bending stress
decreases to zero at the mid-plane neutral axis. Table 2 presents the seven configurations and includes
a uniform control (C-50), two monotonic gradients (G-Up, G-Down), two sandwich (S-Out, S-Inner),
and two asymmetric configurations (A-Base, A-Cap). It is a uniquely implemented form of functional
grading of continuous density fields and can be entirely realisable in standard FFF slicing software
without any hardware variation.

Table 2
Specimen infill configurations with honeycomb density assigned per zone
Sample ID Description Infill% (top/mid/bottom)

C-50 Control 50/50/50
G-Up Gradient (ascending) 20/50/80
G-Down Gradient (descending) 80/50/20
S-Out Sandwich (outer-dense) 80/20/80
S-Inner Sandwich (inner-dense) 20/80/20
A-Base Asymmetric (base-heavy) 80/20/20
A-Cap Asymmetric (cap-heavy) 20/20/80

The ISO 178 three-point bending testing was performed on rectangular specimens with dimensions
80 x 10 x 4 mm. Each of the configurations produced 5 replicate samples (n = 5) making a total of 35
specimens. The functionally graded infill was implemented as a discrete, layer-wise variation, where
each of the three equal through-thickness zones was assigned a fixed honeycomb density (20%, 50%,
or 80%), resulting in a stepwise rather than continuous gradient distribution across the specimen
thickness. Flexural tests were carried out on a Mecmesin Multi-Test 2.5-i universal testing machine
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(PPT Group UK Ltd., Slinfold, UK) using a 250 N load cell, at a cross-head displacement rate of
2 mm-min’' and a support span of 64 mm so that the specific flexural strength could be determined. The
results of the mechanical tests, which were obtained after each test, were the flexural modulus (£) and
the flexural strength (o) as the well as the flexural strain at the flexural strength (eas). To calculate the
specific flexural strength the mass was measured using the high-precision KERN ABT SNM analytical
balance (resolution 0.000001 g) as detailed in [26-28].

Results and discussion

Table 3 shows the flexural mechanical properties of each of the seven specimen configurations. Fig.
1 shows representative stress(o)-strain(e) curves for each configuration. There were significant and
systematic configuration-to-configuration variations in elastic modulus, ultimate flexural strength,
flexural strain at flexural strength, and specific flexural strength that validate the fact that the spatial
distribution of infill density across the specimen thickness has a strong and determinant effect on flexural
performance in FFF-printed PLA.

Table 3
Mechanical and physical properties of all specimen configurations
Sample Flexural Flexural Flexural Mass m, g Specific
modulus strength, strain at flexural
Es, MPa om, MPa flexural strength
strength &y, o/,
% kN-m-kg’
C-50 1189+30 | 359+1.7 3.96 £0.16 2.50 £0.01 46.0+1.4
G- Up 1008 +34 | 29.5+0.5 4.34 +£0.07 2.39+0.01 38.8£0.4
G-Down | 1154+14 | 35.8+1.6 3.98+£0.14 2.41+0.01 479+1.3
S-Out 1753 +£67 | 52.6+0.6 3.86+0.19 2.73 £0.01 61.4+0.5
S-Inner 741 + 32 22.6+0.4 437 +£0.08 2.03 +£0.01 352+0.3
A-Base 109819 | 32.5+0.7 3,78 £0.12 2.12+0.01 49.2+0.6
A-Cap 992 + 27 27.3+0.6 422 +0.15 2.10+0.01 41.1+0.5
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Fig. 1. Representative curves of flexural stress(o)—strain(¢) curves for the seven zonal infill

All specimens remained intact after testing, exhibiting progressive stress reduction beyond peak
load, with no observable differences in failure morphology between configurations. The S-Out outer-
dense sandwich structure (80/20/80) had the highest elastic modulus (1753 £+ 67 MPa) and the ultimate
flexural strength (52.60 = 0.57 MPa) of all the samples tested, which was more than the uniform control
C-50 by 47.4 and 46.7%, respectively, in modulus and strength (Table 3). This behaviour can be traced
directly to the structural mechanics of sandwich composite design, which places high density (80%)
honeycomb fill in the outer zones, which places stiff material where tensile and compressive bending
stress is most concentrated, and which places a low density (20%) core in the middle of the section,
which contributes little to the resistance to bending but contributes significantly to reduction in the mass
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of the middle of the section. The S-Out flexural strength (61.4 + 0.5 kN-m-kg") was the highest of all
structures, and was 46.2% higher than the control, indicating the favourable combination of high
strength and a more moderate mass increase (2.73 £ 0.01 g, 9.2% higher than the control). Fig. 1 of the
stress(o)-strain(e) curve of the S-Out has a sharp early slope and a clear maximum stress which is in
agreement with the stiff outer layer behaviour before brittle fracture.

Comparing configurations with equal average infill (~47%), S-Out outperformed S-Inner by 132%
in the flexural strength, confirming that spatial distribution is the dominant factor over infill percentage
alone. The S-Inner (20/80/20) inner-dense sandwich gave the poorest mechanical performance of all
reported measures, where the elastic modulus of 741 =32 MPa and the flexural strength (oa) of
22.57 £ 0.42 MPa; reduces by 37.7% and 37.1% of C-50, respectively (Table 3). This effect is in direct
reverse of the rationale of S-Out: by placing high-density infill at the midplane neutral axis, one puts the
material under which bending stress is essentially zero, and this causes no contribution to flexural
resistance. The compliant outer zones (20% infill) have the highest load of bending but are of low
stiffness, which causes early failure. S-Inner also had the lowest specific flexural strength
(35.2 £ 0.3 kN'm-kg™"), 23.5% less than the control and 42.7% less than S-Out, although it had the
lowest specimen mass of all configurations (2.03 £ 0.01 g, 18.8% less than the control). In this study,
the most effective evidence is provided by the juxtaposition of S-Out and S-Inner, which demonstrates
that the first factor in flexural structural efficiency is material placement with regard to bending stress
gradient rather than total infill volume. Fig. 1 indicates that the stress-strain curve is shallow in slope
and low in peak stress, in line with the prevalent effect of the compliant outer zones.

The gradient configurations G-Up (20/50/80) and G-Down (80/50/20) gave intermediate results that
correspond to their alignment with bending stress field, respectively. G-Down recorded 1154 + 14 MPa
and 35.79 = 1.60 MPa of modulus and flexural strength respectively, which are only 2.9% and 0.2%
lower than the control, respectively (Table 3), using 3.6% less material. Compared to G-Up (modulus
1008 + 34 MPa; gps 29.47 + 0.48 MPa) scored 15.2% and 17.8% lower than the control modulus and
flexural strength, respectively. By locating the lowest density zone at the tensile face (bottom), the
resistance to the tensile bending stress at the maximum tensile bending is reduced significantly,
ascertaining that the tensile face plays a considerable role in the flexural rigidity of the short-span
bending. G-Down was stronger and better than G-Up by 14.5% in modulus and 21.4% in strength. The
flexural strength of G-Down (47.9 = 1.3 kN-m-kg™") and G-Up (38.8 = 0.4 kN-m-kg™") flexural strength
was 4.1% higher and 15.7% lower than the control, respectively, which means that the direction of the
gradient is not insignificant when it comes to mass efficiency. The flexural strain at the flexural strength
(em) in both gradient designs was slightly higher than that of the control (G-Up: 4.34%; G-Down: 3.98%
vs C-50: 3.96%), indicating that compliance in the regions of lower stiffness was slightly improved.

The asymmetric designs A-Base (80/20/20) and A-Cap (20/20/80) had high-density fill only in one
of the outer zones, and infill in the other two areas was 20%. A-Base registered a modulus of
1098 =19 MPa and a flexural strength of 32.54 £ 0.72 MPa and A-Cap registered lower values of
992 + 27 MPa and 27.35 + 0.59 MPa, 10.7% variation in modulus and 19.0% strength in favour of A-
Base (Table 3). The mass of both asymmetric specimens was significantly lower compared to the control
(A-Base: 2.12 g, -15.2%; A-Cap: 2.10 g, 16.0%), but their respective specific flexural strength was
different: A-Base got 49.2 + 0.6 kN-m-kg™' (+7% versus control) and A-Cap only 41.1 = 0.5 kN-m-kg™
(-10.7% versus C-50). The better performance of A-Base than A-Cap with the same average infill
content indicates that in three-point bending geometry, compressive face (top zone) rather than tensile
face (bottom zone) of the same density has a measurable effect on flexural stiffness. These two designs
were worse than C-50 in absolute mechanical terms, and A-Base showed that single-face densification
provides an effective intermediate solution - it is possible to decrease the specimen mass by more than
15% without incurring excessive penalty in terms of the specific flexural strength.

The range of the specific flexural strength of all samples is 35.2 to 61.4 kN-m-kg", and the
difference in the specific flexural strength between the worst (S-Inner) and the best (S-Out) is 74.4%,
which supports the extent of improvement that can be achieved only by informed zonal infill design.

Conclusions

1. The seven zonal honeycomb infill structures in FFF-printed PLA were tested in ISO 178 three-point
bending. The outer dense sandwich S-Out (80/20/80) had the largest elastic modulus (1753 £ 67

841



ENGINEERING FOR RURAL DEVELOPMENT Jelgava, 27.-29.05.2026.

MPa) and the ultimate flexural strength (52.60 £ 0.57 MPa), which is 47.4% and 46.7% higher than
that of the control, respectively. S-Inner (20/80/20), on the other hand, gave the worst results; 37.7%
and 37.1% poorer in modulus and strength, respectively, than the control material which means that
flexural efficiency depends more on stress aligned material placement rather than total infill
volume.

2. There was also a 74.4% difference in the flexural strength depending on all samples (35.2 to
61.4 kN-m-kg"), indicating that zone-resolved infill assignment is a promising and readily available
approach to flexural maximisation in FFF. Future studies are needed to investigate the number of
zones, the ratio of thickness, and other fill patterns, and expand the work to the biomedical and
structurally loaded components. Future work should extend zonal infill investigations to
engineering-grade polymers such as ABS and PEEK to broaden applicability.
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