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ARTICLE INFO ABSTRACT

Handling Editor: Prof. Ole Thomsen Architectured materials, those capable of manipulating the spatial configurations of two or more material phases,
have recently gained substantial attention, primarily due to their unprecedented material properties (e.g.,
exceptional strength-to-weight ratio and intriguing negative Poisson’s ratio). Most architectured materials draw
inspiration from the microstructure of natural solutions. One of fascinating examples are spider silk and cocoon
silk. Their multimaterial core-shell fibrous structure exhibits remarkable mechanical properties—high stiffness,
strength, and toughness. In this study, silk-inspired dual-phase Core-Shell Architectured Filament (CSAF), which
combines a rigid Polylactic Acid (PLA) core with a soft Thermoplastic Polyurethane (TPU) shell, was developed
as feedstock for additive manufacturing. The mechanical testing of dual-phase CASF printed samples reveal
intriguing results. Notably, the optimized CASF in this study, whose volume fraction of rigid core was set as 52 %,
was observed a substantial improvement of the printed specimens in initial stiffness and energy absorption
capacity—up to a remarkable 14-fold increase in initial stiffness and a ~9 % enhancement in energy absorption
when compared to the pure TPU filament. To gain a deeper understanding of the synergistic effects arising from
geometrical and material configurations on the structure’s damage mechanism, a theoretical model of this core-
shell structure was developed. Computational models have been built to validate theoretical model, and the
results from finite element analysis are in excellent agreement with experimental results. These discoveries offer
valuable insights to enhance mechanical performance of the feedstock for additive manufacturing.
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1. Introduction

Demand for high-performance materials—e.g., lightweight, high
stiffness, strength and energy absorption—increases significantly in
modern industrial applications, and traditional monolithic materials
have challenges to meet the demand because of their intrinsic proper-
ties. Hybrid materials, which combine two or more materials with
distinct properties and complementary each other, have been developed
to tackle challenges from industry for decades [1]. Recently, architec-
tured materials make its way into the mainstream of hybrid material
design. Unlike traditional chemical-based and micromechanics-based
approaches, the design of architectured materials focuses on meso-
structural layout—a length scale between the microstructural scale and
the macroscopic scale of the specimen dimensions [2]. By rationally
designing mesostructural layout of architectured materials, researchers
have successfully developed high-performance materials such as cellular
materials, lattice materials and multilayered materials [3,4]. However,
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designing new architectured materials with remarkable properties is still
challenging because of two reasons—(i) there is no certain principles for
material selection and the design of mesostructural layout; and (ii) the
fabrication of architectured materials with multiple material phases and
complicated structure is still difficult.

One of the promising approaches to design new architectured ma-
terials is bio-inspired design because many living organisms have
evolved materials with extraordinary properties over billions of years
evolution [5]. For example, many biological materials—e.g., nacre [6,
71, beetle forewings [8-10] and bone [11,12]—achieve superior me-
chanical performance by employing very few poor-performance base
materials. By extracting design principles from these biological mate-
rials, bio-inspired architectured materials have been designed success-
fully to achieve unprecedented properties [13-15]. Furthermore,
multimaterial additive manufacturing technologies make it an ideal
approach to the fabrication of bio-inspired architectured materials
[16-28]. For instance, Sun et al. [18] fabricated carefully designed
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twisted plywood structure, which is also known as Bouligand structure,
inspired by the shell of Homarus americanus (American lobster) via Fused
deposition modelling (FDM) technology. The bio-inspired design has
significantly increased the fracture deflection and energy absorption of
FDM printed parts by numerical and experimental optimization of the
rotational angle of twisted layers. Another excellent example is FDM
printed nacre-inspired design by employing stiff polylactic acid (PLA)
and soft thermoplastic polyurethane (TPU) [24]. The remarkable
improvement in the energy absorption of nacre-inspired design has been
verified by experimental study. These examples clearly demonstrate the
great potential of bio-inspired architectured materials fabricated by
multimaterial additive manufacturing technology.

More recently, many multimaterial biological fibrous materials have
increasingly received attention from scientists and engineers due to their
notable mechanical properties and versatile functions. For instance,
spider silk, whose function is to construct web, capture and cocoon prey,
has been characterized by its excellent performance in strength and
toughness [29-31]. The core-shell mesostructural layout of spider silk
fiber—stiff crystalline core embedded in soft amorphous shell, as shown
in Fig. 1la—has been identified as one of the critical contributions to
enhance mechanical properties of spider silk [32-34]. As another typical
example, cocoon silk from silkworms, which has been one of the oldest
commercial products in textile industry [35], has also shown remarkable
mechanical behaviors by employing core-shell design [36-38] (Fig. 1b
and c).

In this paper, multimaterial core-shell design inspired by these nat-
ural fibrous structures is proposed to be employed as the inner structure
of FDM filament. This dual-phase Core-Shell Architectured Filament
(CSAF) employs stiff material surrounded by soft material. The dual-
phase CSAFs were fabricated directly by FDM process and loaded in a
commercial FDM 3D printer to print high quality multi-material parts
without additional hardware upgrades. To study the mechanical per-
formance of printed parts using the dual-phase CSAF, uniaxial tensile
tests were conducted at quasi-static condition. Deformation and damage
mechanism were analyzed analytically and numerically. A comprehen-
sive comparison of results from theoretical models, numerical simula-
tions, and experimental testing was provided. Further, the prediction of
mechanical properties as a function of material combinations and the
limitation of materials selection were discussed through the theoretical
model. Interestingly, the results show that bio-inspired filament behaves
much stiffer and tougher than its base materials. Furthermore, the wide
choice of core and shell materials offers the potential for various func-
tionalities, including moisture resistance, oxidation resistance, UV
resistance, wear resistance, electrical conductivity, and lubrication.

2. Methods
2.1. Materials
The core material used in this study was Prusament PLA Jet Black

produced by Prusa Research. It is known for its high stiffness, high
strength but brittle nature. The shell material employed was 3DNet TPU

fibrils
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Transparent purchased from 3DNet. This material features softness and
high elongation. It is a hyperelastic material that is easy to deform at the
beginning but can hold high load at heavy stretching. A water-soluble
support material, 3ntr SSU04, manufactured by 3ntr company, was
used to provide support during the printing process, specifically for
bridges or overhang structures.

2.2. Preparation of dual-phase CSAF

There are various approaches to manufacture composite filaments
for FDM printing, such as, vacuum infusion, compression moulding,
injection moulding, direct extrusion, co-extrusion with towpreg, inline
impregnation, in-situ impregnation, additive manufacturing and other
techniques [39-48]. In this research, based on the laboratory capacity,
additive manufacturing was selected to produce the dual-phase CSAFs. A
triple-nozzle FDM printer, 3ntr A4v4, was utilized to fabricate
dual-phase CSAFs at millimeter scale. To ensure consistent
manufacturing quality, printing parameters—e.g., printing speed,
retraction, temperature—were carefully controlled and optimized by
performing parametrical study. The identified optimal parameters were
then applied in the production of the dual-phase CSAFs, as shown in
Table 1. Three different volume fractions (14 %, 34 %, and 52 %) of core
material of the dual-phase CSAFs—noted as CSAF-PLA14 %, CSAF--
PLA34 %, and CSAF-PLA52%—were fabricated and prepared for the
production of dogbone specimen. Fig. 2 (a) demonstrates the fabrication
process of CSAFs, accompanied by an optical microscopy image illus-
trating the cross-section of CSAF-PLA34 %.

2.3. Preparation of samples

To study the mechanical performance of printed part using the dual-
phase CSAF, standard samples for uniaxial tension test have been
fabricated by 3ntr A4v4 FDM printer. Because the printing process in-
volves the extrusion of two different materials though a single nozzle,
the potential blending issues need to be considered. Here we introduce
Reynolds number, R, which is used to classify the flow types into laminar
flow, critical flow, and turbulent flow. R is calculated as follows [49].

Table 1

The printing parameters for printing dual-phase CSAFs.
Materials SSU04 PLA TPU
Filament diameter (mm) 2.85 1.75 2.85
Nozzle diameter (mm) 0.4 0.3 0.3
Extrusion width (mm) 0.6 0.3 0.3
1st layer thickness (mm) 0.6 0.1 0.1
Layer thickness (mm) 0.15 0.1 0.1
Heat bed temperature (°C) 60 60 60
Chamber temperature (°C) 30 30 30
Nozzle temperature (°C) 245 210 225
Printing speed (mm/s) 20 35 30
Retraction (mm) 5 6 16
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Fig. 1. (a) Schematic figure revealing the core-shell structure of spider silk fiber, adapted from Ref. [30]. (b-c) Longitudinal view captured through Scanning
Electron Microscopy (SEM) unveils the intricate core-shell structure of cocoon silk fibers, adapted from Refs. [35,38].
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Fig. 2. (a) Fabrication of dual-phase CSAF by FDM printing. Optical microscopy image presents the internal structure and morphology of the core (black) - shell
(transparent) filament. (b) Fabrication of samples using dual-phase CSAF. Optical microscopy image reveals a cross-sectional view of the bead purged from the
nozzle. The volume fraction and geometric configuration of the core and shell materials within the filament and purged bead exhibit remarkable congruity. (c)
Printing preface of dual-phase CSAFs in the slicing software, showing the arrangement of supporting material SSU04, soft shell material TPU, and stiff core material
PLA. (d) Printing preface of dogbone sample in the slicing software, showing the printing path and raster orientation of the samples. (e) Dogbone sample size ac-

cording to standard ASTM D638-14.

R = VDp/p @

Where V is flow velocity, D is diameter, p is density and p is viscosity. R
is Reynolds number and it is a dimensionless value. The viscosity co-
efficients of PLA and TPU under the same printing temperature are on
the same order of magnitude [50,51]. Despite the small difference of
materials viscosity, upon substituting the value into equation (1), the
flow type of the extruded bead can be characterized as laminar flow.
Therefore, the architectural hierarchy of materials remains consistent
after extrusion. Fig. 2 (b) presents the fabrication process of the samples,
accompanied by optical microscopy image displaying the cross-section
of the purged bead for CSAF-PLA34 %. The image clearly demon-
strates the congruity between CASF and purged bead in the material and
geometrical configuration.

To adhere to standard testing procedures and ensure comparability,
the geometry and dimension of specimens followed ASTM D638-14
Standard Test Method for Tensile Properties of Plastics [52]. Sheet
tension test specimens Type IV was employed to study mechanical be-
haviors, and the geometry and dimension of specimens are presented in
Fig. 2 (e). In this study, the primary focus is on the synergistic effects
arising from core-shell structure within the printed bead. The effect from
other structural hierarchy, such as weaving effect caused by raster
orientation, shall be excluded. Therefore, as shown in Fig. 2 (d), the
raster orientation was consistently set to 0° to ensure a parallel align-
ment with the load direction. Table 2 presents associated printing pa-
rameters, which ensure the production of high-quality specimens with
different volume fractions.

2.4. Uniaxial tensile test

The uniaxial tensile tests were conducted using an MTS-
Electromechanical tensile test machine equipped with a 5 kN load cell
(MTS Systems Corporation). To capture and analyze the strain behavior
of the samples, VIC-2D Digital Image Correlation (DIC) was employed.
This imaging technique allowed for the measurement of strain within
the gauge length of the samples over time.

Table 2
The printing parameters for printing samples.

Materials SSU04 Dual-phase CSAFs
Filament diameter (mm) 2.85 2.85
Nozzle diameter (mm) 0.4 0.3
Extrusion width (mm) 0.6 0.3
1st layer thickness (mm) 0.6 0.1
Layer thickness (mm) 0.15 0.1
Heat bed temperature (°C) 60 60
Chamber temperature (°C) 30 30
Nozzle temperature (°C) 245 225
Printing speed (mm/s) 20 30
Retraction (mm) 5 16

In accordance with the ASTM D638-14 standard, different testing
speeds were applied based on the sample material. The PLA samples
were tested at a strain rate of 0.1 min~!, while the TPU samples and the
CSAF printed samples were tested at a strain rate of 1.5 min~'. These
speeds were chosen to ensure consistent and reliable results during the
tension testing process.

2.5. Characterization

The internal structure of 3D printed dual-phase CSAF, the core-
section of printed bead extruded from dual-phase CSAF, the inner ar-
chitecture and fracture behavior of samples printed by dual-phase CSAF
were observed by a digital optical microscope Hirox RH-2000.

3. Results and discussion
3.1. Mechanical behavior of dual-phase CSAF printed specimens

The tensile stress-strain curves of specimens are shown in Fig. 3 (a).
Table 3 presents the mechanical properties of base materials and dual-

phase CSAF printed specimens as a function of different volume frac-
tion of core. The cross-section view of a specimen, as shown in Fig. 3(b
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Fig. 3. (a) Stress-strain curves for the CSAF printed specimens with varying volume fractions and the single material filament printed samples of constituent ma-
terials (PLA and TPU). Cross-section view of the CSAF-PLA34 % printed sample before testing at (b) lower and (c) higher magnification. (d) Longitudinal view of the
CSAF-PLA34 % printed sample after testing, showing the presence of uniformly distributed cracks. (e) Snapshots during testing, showing strain concentration and

development within the gauge length.

Table 3
Mechanical properties of specimens under uniaxial tensile test.
Specimens (Volume fraction of  Initial Young’s modulus Yield strength Plateau stress Ultimate stress Ultimate strain Energy absorption capacity
Core) (MPa) (MPa) (MPa) (MPa) (%) (MJ/m>)
PLA 3307.2 £ 28.9 59.7 £ 3.0 - 59.7 + 3.0 22401 0.7 £0.1
TPU 132.7 £ 7.2 7.8+1.1 - 314+£1.8 253.3 + 6.8 40.7 + 3.7
CSAF-PLA14 % 510.4 + 31.7 13.1+1.2 13.1+0.2 185+ 2.5 2326 + 2.1 35.2+0.5
CSAF-PLA34 % 1177.3 £ 49.0 23.6 £0.7 181 £0.1 20.4 +£ 0.6 186.5 £ 5.5 36.7+£0.1
CSAF-PLA52 % 1991.4 + 67.7 36.8+1.5 249 +£0.2 26.2 + 0.5 164.6 + 2.0 44.7 £ 0.2

and c), reveals that the mesostructure is well-fabricated and is consistent
with the intended design. The core-shell structure is oriented parallel to
the load direction by carefully controlling the printing path. Notably,
there was minimal presence of deposition defects such as voids or mis-
alignments in the specimen. It is important to acknowledge that these
defects have the potential to decrease the mechanical performance of
the printed specimens. To mitigate the influence of deposition defects on
the mechanical performance, two strategies were employed—(i)
increasing the overlap between adjacent printing paths; and (ii)
reducing the gap between raft and the first layer. By implementing these
strategies, the negative impact of deposition defects has been largely
minimized.

The dual-phase CSAF printed specimens exhibit much higher ulti-
mate strain and energy absorption—the area under stress-strain cur-
ve—than the core material. Specifically, the specimens printed from
CSAF-PLA14 %, CSAF-PLA34 %, and CSAF-PLA52 % exhibit energy
absorption capacities of 35.2 + 0.5 MJ/m>, 36.7 + 0.1 MJ/m?, and 44.7
+ 0.2 MJ/m®, respectively, whereas the core material only achieves a
capacity of 0.7 + 0.1 MJ/m?®. Interestingly, the CSAF printed specimens
also exhibit higher energy absorption capacity than the tough shell
material of same volume. This phenomenon can be attributed to the
occurrence of a large number of cracks within hard core material,
bonding failure and slip between both materials. Moreover, the CSAF
printed specimens display notable increases in the initial elastic modulus
compared to the shell material. The shell material exhibits an initial

elastic modulus of 132.7 + 7.2 MPa, while the samples of CSAF-PLA14
%, CSAF-PLA34 %, and CSAF-PLA52 % demonstrate initial elastic
modulus of 510.4 + 31.7 MPa, 1177.31 + 49.0 MPa, and 1991.4 + 67.7
MPa, respectively. This significant improvement indicates the superior
mechanical properties of the CSAF printed specimens in initial elastic
modulus compared to the shell material and in energy absorption ca-
pacity compared to the core material.

A typical stress-strain curve of a CSAF printed specimen, printed
from CSAF-PLA34 %, exhibits four distinct stages: (I) initial linear-
elastic stage, (II) stress-softening process, (III) stress plateau, and (IV)
stress hardening stage prior to rupture. In the case of a high core ma-
terial volume fraction (CSAF-PLA 52 %), the stress hardening stage (IV)
is difficult to be observed. This could be attributed to the fact that the
plateau stress is in close proximity to the rupture stress. The proximity of
these two stress levels limits the observable duration of the stress
hardening stage.

A series of Digital Image Correlation (DIC) images captured during
the testing of the CSAF-PLA52 % printed specimen offers valuable in-
sights into the progressive damage mechanism inherent in the core-shell
structure, as illustrated in Fig. 4 I to VL. Initially, as deformation com-
mences, the specimen enters a linear-elastic stage (I), depicted in Fig. 4 I
and II. Upon surpassing the failure strain of the core (Fig. 4 II), the
necking phenomenon ensues, correlating with the stress-softening stage
(I) observed in the stress-strain curve. Throughout this phase, partial
damage initiates within the core and propagates laterally across the
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Fig. 4. DIC results of snapshot I to VI during testing, revealing the concentration and development of strain within the gauge length. Images I and II represent the
linear-elastic stage; Images II to IV depict the stress-softening stage; Images IV to VI illustrate the stress plateau stage.

cross-section, as evidenced by images II to IV in Fig. 4. Concurrently, the
soft shell undergoes stretching within the partially damaged zones. As
the undamaged area of the core diminishes within the critical cross-
section, the stress exhibits a decreasing trend. Following lateral propa-
gation, partial damage progresses longitudinally along the load direc-
tion, marking the onset of the stress plateau stage. During this stage, the
damage zone expands into the undamaged zone along the load direction
as the critical cross-section traverses the entire gauge length, as depicted
by DIC images IV to VIin Fig. 4. The global stress profile is influenced by
the progressive cracking of the core on the critical cross-section as it
advances longitudinally along the load direction. The growth of local
strain is primarily driven by the stretch of shell in the damage zone. At
the end of stress pleatue stage (III), the damage zone covers the entire
gauge length. In stress hardening stage (IV), the overall strain is
contributed by the stretching of the undamaged shell within the entire
gauge length. When the local material of shell reaches its ultimate strain,
overall rupture happens. Fig. 3 (d) presents the longitudinal view of a
CSAF printed specimen after uniaxial test. Numerous uniformly
distributed sub-cracks are observed. Unlike brittle failure which usually
involves the formation of a primary crack through the entire cross-
section leading to the failure, this damage mode makes full use of the
effectiveness in stress resistance of all the materials involved.

It is important to note that materials tend to exhibit more brittle
behavior and higher strength at higher strain rates, attributed to limited
time for dislocation motion and deformation mechanisms. Conversely,
lower strain rates may lead to increased creep deformation and reduced
strength, particularly in materials susceptible to time-dependent pro-
cesses like creep and stress relaxation. For CSAF printed specimens, high
strain rates may lead to brittle failure due to limited time for continuous
damage mechanisms to occur. Failure of the soft shell may coincide with
the breakage of the stiff core, as the former experiences higher stretch
and stress without sufficient time for shear-lag effect to transmit load to

A Overall stress
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the undamaged core. Understanding these strain rate effects is crucial
for optimizing the performance of bi-material filaments in various
applications.

3.2. Damage mechanism

A theoretical model is proposed to understand the mechanical
behavior of the core-shell structure under uniaxial tensile loading. The
nature of stiff core and tough shell impart high stiffness and toughness to
the core-shell structure. Taking a unit cell out from CSAF printed spec-
imens, and for simplicity, a cylindrical core-shell model is considered, as
shown in Fig. 5 (b). During the process of tension, stiff core takes the
main load while soft shell takes the main stretch. Shear stress between
the core and the shell transfers axial load. The loading history of the
core-shell structure can be divided into three stages: (I) elastic defor-
mation stage. (II) core-dominated continuous damage stage (III) shell-
dominated stretching stage before collapse, as sketched in Fig. 5 (a).

At the initial tensile loading, both core and shell of CASF printed
specimens experience elastic deformation stage. The elastic modulus of
both materials is assumed to be constant within this stage. The initial
effective stiffness of core-shell structure can be formulated by rule of
mixture, as described by equation (2).

En = (1 - q)c)Es + q)cEc (2)

where E, is the effective stiffness of core-shell structure, E; and E. are
initial elastic modulus of shell material and core material, respectively.
@, is volume fraction of core material.

fl = E,¢, (3)

where f; is the first peak strength as shown in Fig. 5 (a); &, is failure
strain of core material.

~ ’?/_
?__

- /§<<_,/

D

Fig. 5. (a) Sketch of stress-strain curve of core-shell structure, divided into three stages. (b) The sketch model of initial crack mechanism that occurs at the end of
stage I (c) The sketch model of continuous cracks mechanism that occurs in stage II.
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By equation (2), it is obvious to found that the effective stiffness of
core-shell structure is determined by two nondimensional parameters—
(i) the Young’s modulus ratio between shell material and core material
and (2) the volume fraction of core material. Within a fixed ratio, the
effective stiffness of core-shell structure has a linear relationship with
the volume fraction of core material.

After core material reaches fracture strain, crack occurs in core
material while high ultimate strength of shell material prevents the core-
shell structure from catastrophe failure. During this stage, the stiff core
undergoes locally continuous damage in the tensile direction, while the
shell in core damage zone is heavily stretched and undamaged as it has
not reached its failure strength. After the stiff core breaks locally, the
soft-shell surrounding holds the stretch, thereby giving rise to a stress
realization. As the soft shell at the damage zone continues to elongate,
the stress in the undamaged core material near the crack also increases.
When it reaches the failure criteria, a new crack initiates. This phe-
nomenon is manifested as a serrated plateau region in stress-strain
curve, as shown in Fig. 5 (a) stage IL.

When the initial crack has formed, the subsequent damage mecha-
nism differs with the initial crack. The initial crack occurs under a
uniform tensile stress condition, while the subsequent cracks occur in
core material due to the tensile stress transferred from stretched shell
and shear stress between both materials, as shown in Fig. 5 (b) and (c).
To demonstrate its mechanism, shear-lag model is exploited in this
study. During the process of continuous damage, tensile loading is
transferred from the shell to the core through shear stress between the
shell and the core [53]. Fig. 5 (c) shows the sketched distribution of
shear stress. Significant stress peak occurs at the ends of the joint of
materials. The maximum shear stress can be estimated by equation (4).
It approximates to a constant value with long joints. The derivation is
proved in supplementary information S1.

Toar = Ei = ko, 4)
S

where 7pq, is the maximum shear stress between the joint of both ma-
terials. P is the axial force acting on the entire core-shell structure. S is
the contact perimeter of both materials. o, is the engineering axial stress
of the entire core-shell structure, o, = P/A, A, is the cross-section area
of the entire structure. k; is a factor used to measure the relationship
between the axial stress of entire core-shell structure and the maximum
shear stress between both materials. k; =r.4/2¢,. r. is the radius of core
material. @, is the volume fraction of core material. 2! is the charac-
teristic length for the necessary distance to transfer the load. It can be
calculated by equation (5).

G E1 1
_ s Lclc 5
A \/h E.L, <Et +Ecrc) )

where G; is the shear modulus of shell material. t, is the thickness of shell
material for tension deformation. h is the thickness of shell material for
shear deformation. The irregular distribution of shear stress poses a
challenge in characterizing the shear deformation of the soft shell ma-
terial. To address this issue, a parameter « is introduced to define the
thickness of an effective layer of the soft shell subjected to uniform shear
stress at the material interface. The parameter o ranges from O to 1, and
it’s crucial to note that its value may change during the stretching
process. Consequently, the thickness of the shell material undergoing
shear deformation is expressed ash = a(r — r.). The remaining portion of
the shell material is presumed to undergo tensile deformation, denoted
asty = (1—a)(r—r.).

Considering the brittleness of core material, once one of the tension
stress and shear stress in core material reaches the resistance of material
nature, damage is assumed to occur in core material. The damage
initiation criterion can be written as equation (6).
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max{ﬂ7 ﬁ} =1 (6)

T, 0,

where 7; and o; are the shear strength and tensile strength of core
material. The maximum stress failure criterion is applied for core ma-
terial due to its brittleness. The relationship between the tensile strength

o1 and the shear strength 7; of core material can be denoted as 67 =
X
presents the maximum strength of core material. Experimental studies
have indicated that the shear strength of PLA is approximately 0.8-0.9
times the tensile strength [61-63].

To avoid catastrophic failure occurring in stage II, the stress resis-

tance of shell material should meet following requirement.

by mind L7 @
ﬁ: k? klk2k3

71 =f., where n is the ratio of shear strength to tensile strength, and f,

where f; is the ultimate strength of shell material. k; is a factor used to
measure the relationship between the axial stress of entire structure and
the axial stress in core material at the undamaged zone, 6, = kao.. ky =
@, + % (1— @,.)- ks is a factor used to measure the relationship between

the axial stress in shell material at damage zone and axial stress in core
material at the undamaged zone, o, = kso;5. ks = (1 — ¢,)/¢.. The
plateau stress f» non-dimensionalized by first peak stress is expressed as
followed.

¥E . n
f—lg mln{l,m} ®

When the core material ruptures, the stress previously borne by the
undamaged core is suddenly released, leading to a relaxation of defor-
mation within the material. This results in an overall decrease in stress
within the structure, as shown in Fig. 5 (a). As the stress is released from
the core material, the shell material at the rupture area undergoes im-
mediate stretching. Through the shear-lag effect, the axial stress expe-
rienced by the shell material is transmitted to the undamaged core
material, leading to continuous damage propagation. This dynamic
interplay between the core and shell materials highlights the signifi-
cance of stress redistribution and relaxation mechanisms in influencing
the overall mechanical response. It’s worth noting that the overall stress
drop during this process is influenced by several factors, as elaborated
below.

Aox—,—

E. 1 A,
Es’ sasa

ho 9

o~

where @, =1 — ¢, is the volume fraction of shell material. A; is the
cross-section area of core. L is the overall length of structure. t is the
length of shell material in damage zone.

It can be observed that the plateau stress in stage II, as well as stress
drop, is influenced by mechanical properties of materials, material
proportion, structure geometry and size, etc. Due to the significant shear
stress present in critical stress state of stage I, the plateau stress f5 can
only be less than or equal to the first break stress f;. Increasing the ratio
of contact area to the cross-section area of core is a strategy to enhance
the plateau stress and reduce stress drop.

When the entire core is fractured into numerous smallest segments, it
becomes difficult for the stress in the core to reach the failure criterion.
Therefore, no crack will happen, and the deformation goes into stage III.
The elongation is taken by the shell until it fails. When the shell reaches
its ultimate strength, this structure undergoes overall failure.

f=10=)f (10)

The ultimate strength of this strength is estimated as equation (10).
It is important to note that this deduction is based on the simplifi-
cation that only uniaxial stresses and shear stress in the longitudinal
direction are considered, while the radial stress in the transverse
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direction is neglected. In the damaged segment, the high tensile stress
present in the shell material and the low tensile stress in the core ma-
terial cause the shell material to contract radially, resulting in high
radial tensile stress in the core material around the interface. In the
undamaged segment, the core material bears longitudinal tensile stress
while the shell material experiences low longitudinal tensile stress. This
leads to radial contraction in the core material and high compressive
stress in the core material. These high radial tensile and compressive
stresses may induce failure in the core material or compromise the
bonding at the interface. Due to the complex stress distribution,
deducing an exact failure criterion poses a challenge. In this study, we
make the assumption that materials fail under uniaxial stresses, and the
adhesion remains undamaged.

3.3. Numerical analysis

The material properties obtained from experiments were utilized to
perform numerical simulations using commercial software Abaqus
2019. Three simplified Representative Volume Elements (RVEs) repre-
senting core-shell fiber with a 0.3 mm diameter were constructed, using
2D axisymmetric modeling to homogenize the properties of CSAF
printed samples with varying volume fractions. The elastic material
model was employed for core material, while for the shell material, a
hyperelastic Ogden model was employed, fitted with TPU tested in
experiment (the purple curve in Fig. 6 (a)). Continuous damage mech-
anisms were integrated using cohesive elements to simulate crack
initiation and propagation. The failure of cohesive element is fitted with
PLA tested in experiment (the green curve in Fig. 6 (a)). The crack gap
was established as the critical length A~} corresponding to each specific
case. The overall length of the RVE model is sufficient to accommodate
more than ten cracks. The core material was modeled with 4-node
axisymmetric quadrilateral elements (CAX4), while the shell material
utilized 4-node axisymmetric quadrilateral elements with a hybrid
formulation (CAX4H). The cracks were pre-set at where the damage is
expected to occur by 4-node axisymmetric cohesive element (COHAX4).
The models were analyzed through static general implicit analysis with
nonlinear geometry activated.

The simulation results of the RVE models are depicted in Fig. 6 (a)
and (b). In Fig. 6 (a), a similar trend to the experimental results is
observed. The stress-strain curve of the RVE model with low PLA volume
fraction (CSAF-PLA14 %) exhibits a linear stage followed by a stress
plateau stage. Conversely, in the case of high PLA volume fraction RVE
models (CSAF-PLA34 % and CSAF-PLA52 %), there is no stress-softening
stage (II); instead, the stress drops dramatically to the platform stage
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after the linear stage. As the RVE model simulates only one line of core-
shell fiber and experiences solely longitudinal damage propagation, only
the stress plateau stage (III) is observed. This verifies that lateral damage
propagation within the specimen causes the stress-softening stage (II),
while longitudinal damage propagation leads to the stress plateau stage
(I). Fig. 6b presents the RVE models with high (CSAF-PLA52 %) and
low (CASF-PLA14 %) PLA volume fractions. Two types of damage,
fracture mode II (sliding mode) and fracture mode I (opening mode), are
observed in cases of high and low PLA volume fractions. In the CSAF-
PLA52 % RVE model, crack initiation consistently occurs in proximity to
pre-existing cracks, as the material failure mechanism is governed by
shear stress, with the highest shear stress concentration located around
these existing cracks. Conversely, in the CSAF-PLA14 % RVE model,
cracks initiate due to tensile stress, resulting in a random distribution of
crack positions far from existing cracks.

By incorporating the material properties obtained from experiments
into the theoretical analysis, comparisons are made among the results of
the theoretical model, numerical model, and experiments. The results of
analytical model, numerical models, and experiment have good agree-
ment, as showed in Fig. 7 (a) and (b). As the results indicate, the initial
effective stiffness E, and first peak stress f; of dual-phase CSAF printed
specimens show a proportional relationship with the core material
volume fraction ¢,. The relationship of f,/fi and f;/f. with ¢, vary
depending on the values of a. Fig. 7 (c) displays two curves corre-
sponding to a values of 0.1 and 0.5. These curves represent envelope
curves for different o values. The curve of f, /f1 as a function of ¢, shifts
to the right as a value increases. It reaches its rightmost position when
a = 0.5. Interestingly, when o exceeds 0.5, the curve shifts back to the
left with further increases in a. In cases with low core material volume
fractions, the plateau stress equals the first peak stress due to continuous
breakage in stage II, resulting from axial tensile failure in the core ma-
terial. However, for cases with high volume fractions of core, the plateau
stress is smaller than the first peak stress, attributed to the shear failure
in the core. This difference is a consequence of the continuous increase
in the ratio of the maximum shear stress to the axial stress as the volume
fraction of core rises. This trend is consistent with experimental and
numerical results. Fig. 7 (d) illustrates the selection of the engineering
ultimate tensile strength of the shell material based on the strength of
the core material. The upper bound corresponds to the curve when o
equals 0.5. It is evident that the required engineering ultimate strength
of the shell material increases with an increase in the volume fraction of
core.
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Fig. 6. (a) Material property curves for PLA (green) and TPU (purple) fitted with experimental results, along with simulation results from the RVE model for different
PLA volume fractions: 14 % (black), 34 % (blue), and 52 % (red). (b) Two RVE models depicting high and low PLA volume fractions, illustrating two distinct types of
damage: continuous cracks due to shear failure in core material at high PLA volume fractions (CSAF-PLA52 %), and discrete cracks due to tensile failure in core
material at low PLA volume fractions (CSAF-PLA14 %). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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Fig. 7. The plot of the (a) initial effective stiffness and (b) first peak stress of samples with respect to core material volume fraction based on analysis and exper-
imental results. (c) The curves of the ratio of the plateau stress f, and first peak stress f; with respect to core material volume fraction under different a values. (d) The
curves of the ratio of the shell material ultimate tensile strength f, and the core material ultimate tensile strength f,, with respect to core material volume fraction. The

selection of shell material ultimate tensile strength shall be above the curve.
4. Conclusions

In summary, this work proposes a bio-inspired multimaterial core-
shell architectured design for FDM filament. The printed specimens
using dual-phase CSAFs exhibite enhanced mechanical proper-
ties—higher stiffness, and toughness—compared to their constituent
materials. For instance, compared with core material, the CSAF printed
specimens increase up to ~61 folds in toughness (from 0.7 + 0.1 MJ/m>
to 44.7 + 0.2 MJ/m>). When compared with shell material, the CSAF
printed specimens show slight increase of ~9 % in toughness (44.7 +
0.2 MJ/m? and 40.7 + 3.7 MJ/m>), and significant increase up to ~14
folds in initial elastic modulus (1991.4 + 67.7 MPa and 132.7 + 7.2
MPa). The loading history of the CSAF printed sample presents the
typical four stages: (I) the initial linear-elastic stage before damage oc-
curs, (II) the softening process while damage in core material laterally

progress in the direction perpendicular to the loading direction, (III) the
stress plateau while damage longitudinally progress in the direction
parallel with the loading direction, and (IV) the stress hardening stage
contributed to the stretch of undamaged shell material. A theoretical
model based on a simplified cylindrical core-shell unit cell is introduced
to elucidate the characteristic values of the loading history. FE models
are built based on the theoretical model, and the FE results show good
agreement with the experiment results. The theoretical model also
provides the selection of materials according to its ultimate strength.
The findings of this work enlighten an idea of method to contribute
to an enhancement in toughness for materials characterized by high
stiffness and strength but prone to brittleness, and on the other hand,
lead to an increase in initial stiffness for materials displaying high
toughness but possessing low initial stiffness and demonstrating flexi-
bility. Table 4 presents the tensile mechanical properties obtained in this

Table 4
Approximate tensile mechanical properties for monolithic, composite materials and inner designed architecture used in FDM.
Structure Materials Tensile modulus Tensile strength at yield Tensile elongation at break Energy absorption capacity (MJ/  Reference
(MPa) (MPa) (%) m®)
Monolithic materials PEEK 3120 85 26 1.5 [54]
ABS 1940 49.7 7.5 0.9 [55]
Nylon 1000 37 243 72 [56]
PLA 3307 59.7 2 0.7
PLA 3139 50.9 - - [59,60]
TPU 133 1.8 253.3 40.7
Silk inspired Core- PLA52%- 1991 36.8 164.6 45
Shell TPU
Compounding PLA50%- 1000 27.3 27 5.6 [57]
TPU
Plywood PLA 3285 55 3.1 1.3 [18]
Sandwich PLA-ABS- 1600 43 5.3 1.4 [58]

PLA
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study and in previous research on monolithic materials [54-56], com-
posite materials used for FDM [57] and materials with inner designed
architecture printed by FDM [18,58]. Commonly, monolithic materials
possess either high stiffness or high energy absorption capacity. While
material modification, inner structure design, and other hybrid methods
are proposed for enhancing stiffness and ductility. The result of this
work demonstrates the superiority of inner architecture in enhancing
the mechanical properties of multi-material composite, compared to
material compounding. And compared to other inner structure design,
the bio-inspired core-shell design presents superior improvement in
elongation and energy absorption capacity. Moreover, this bioinspired
core-shell design has potential to be applied to other high-performance
and functional materials.
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