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Abstract

This study investigates the fabrication and mechanical characterization of lightweight, moderate-
to-high-strength short carbon fiber-reinforced epoxy composite honeycomb cores and sandwich
structures, produced using direct ink writing (DIW) 3D printing and customized viscoelastic inks.
The engineered epoxy-based inks (11-14), containing 10-40 wt.% short carbon fibers, exhibit
shear-thinning and yielding properties, enabling mold-free DIW fabrication of bioinspired cellular
structures with hexagonal (H), triangular (T), and square (S) core geometries at infill densities of
30% — 50%. These inks were also used to fabricate sandwich structures with varied core
configurations. This fabrication approach results in production of honeycomb cores and sandwich
structures with superior surface finish and dimensional accuracy. The base materials (11-14) were
characterized through tensile testing as per ASTM D638 Type V standards. Microstructural
analysis of the printed specimens reveals print-induced fiber alignment, with fibers predominantly
oriented along the ass direction compared to a:1 and a.

The mechanical behavior of the structures was evaluated under in-plane and out-of-plane
compression, as well as three-point bending, to assess their load-bearing capacity, energy
absorption and flexural performance. In-plane compression tests showed stiffness improvements
of 59%, 43%, and 47%, and strength gains of 106%, 93%, and 162% in triangular, hexagonal, and
square cores, respectively, as infill density increased from 30% to 50%, with specific strength
following similar trends. Out-of-plane compression tests showed significant improvements in
load-bearing capacity as the infill increased from 30% to 40%, enhancing energy absorption (EA)
by 11.7% (hexagonal), 98% (square), and 80.8% (triangular). Square cores demonstrated the
highest EA, outperforming hexagonal and triangular designs. Analysis of the specific energy

absorption (SEA) and crushing force efficiency (CFE) metrics indicated that the DIW-printed

Xi



composite honeycomb cores are very competitive when compared to conventional continuous
fiber, metal, thermoplastic, and polymer-based cores.

The DIW-printed sandwich structures with integrated skins also showed enhanced flexural
stiffness and load-bearing capacity with increased core layers (1L to 2L), although flexural
strength exhibited a decreasing trend. Varying core geometries yielded mixed results, yet the DIW-
printed carbon fiber-reinforced epoxy composite sandwich structures exhibited competitive
flexural properties compared to published studies.

Overall, this study highlights the potential of DIW and engineered composite inks to produce high-
performance cellular cores and sandwich structures with tailored mechanical properties, paving
the way for advanced lightweight structural applications in crashworthiness, aerospace, and

automotive engineering.

Xii



List of Figures

Figure 1. 1. A typical schematic representation of the expansion process [18, 21]........cccccceruenen. 2
Figure 1. 2. A typical schematic representation of the corrugation process [21]. .......ccccevvvrverienn. 4
Figure 1. 3. Categorization of fiber-reinforced composite honeycomb materials documented in the
TIEEIATUIE [23]. oottt bbbt bbbttt n et nbe e 5
Figure 1. 4. The hot press molding process [24]: (a) bottom plate with inserts, (b) pre-assembled
honeycomb structure, (c) final fabricated honeycomb COre..........ccoovvvieieiieiiieicce e, 6
Figure 1. 5. Hot press molding with lateral compression [24]: (a) fabrics placed in the mold, (b)
compression force applied to the combs, (c) open mold view, (d) closed mold view. Hot press
molding with corrugated molds [8]: (e) square molds, (f) circular molds, (g) hexagonal molds, (h)
fabricated honeycomb DIOCKS. ........oocuviiiiiceee e 8
Figure 1. 6. Fabrication of sandwich columns with 3D honeycomb grid cores using cut carbon
fiber-reinforced composite sheets and the interlocking method [26]: (a) egg honeycomb grids, (b)
pyramidal honeycomb grids. Photographs of egg honeycomb grid cores with 3.0% relative density
(c) and pyramidal honeycomb grid cores with 6.0% relative density (d) [27]. ....cccccovevveeiinineenen. 9
Figure 1. 7. Vacuum-assisted resin transfer molding (VARTM) process [34]: (a) Hexagonal molds
with jute woven fabric strips fixed in the bottom panel, (b) Resin infusion assisted by a vacuum
pump, (c) Sample sandwich panel with glass fiber skins jute fiber honeycomb core, (d) Jute fiber-
reinforced honeycomb sandwiCh Panel.............oovi oo 11
Figure 1. 8. (a) Schematic of the tailor-folding fabrication process [35]. (b) Illustrating two types
of fiber-reinforced honeycomb cores: closed-cell honeycombs with various configurations and

functions, and open-cell honeycombs ranging from microporous to macroporous structures. ()

Xiii



Also shown is a 300 mm x 300 mm fiber-reinforced sandwich panel with a hexagonal honeycomb

Figure 1. 9. DIW 3D printing method [10]: (a) DIW-printed triangular honeycomb composite; (b)
schematic of composite ink deposition during DIW-printing. 3D printing with continuous carbon
fibers [13]: (c) schematic of sandwich structure fabrication; (d) sandwich specimens featuring four
different honeyComMD COre dESIGNS. ......cviiieiiee et ens 16
Figure 2. 1. (a) DIW print set-up. DIW-printed specimens with (b) longitudinal and (c) transverse
QL L1 0 U1 OSSPSR 23
Figure 2. 2. (a) Coordinate system defining the components of the unit vector p. (b) Circular, and

(c) elliptical cross-section of the cylindrical fibers defining the axes endpoints and in-plane angle.

Figure 2. 3. Log-log plots of (a) viscosity as a function of shear rate and (b) storage and loss moduli
as a function of oscillatory shear stress for fiber-reinforced epoxy inks of varying compositions,
showing shear thinning and yielding behaviors, which are critical for 3D printability................ 27
Figure 2. 4. Mechanical Properties of DIW-Printed Specimens Fabricated with Inks 1-4. (a)
Representative stress-strain curves of tensile specimens printed using Inks 1-4. (b) Bar plot
showing the average Young’s modulus of the specimens. (c¢) Bar plot depicting the average tensile
strength of the printed specimens. (d) Schematic representation of a tensile test specimen,
indicating the micrograph locations used for assessing print-induced fiber alignment. (e)
Micrographs show fiber alignment in longitudinally printed tensile specimens. (f) Micrographs

illustrate fiber orientation in transversely printed tensile SPECIMENS. ........cccocvvevveveiieieeie e, 31

Xiv



Figure 2. 5. SEM micrographs showing DIW print-induced fiber alignment on the (a) top and (b)
bottom surfaces of the printed specimens. Statistical distribution of fiber alignment at the (c) top
and (d) bottom surfaces, highlighting variations in fiber alignment due to the printing process. 32
Figure 2. 6. (a) Schematic illustration of the cross-sectional view of the DIW-printed composite
samples. (b) SEM images of the cross-section of the DIW-printed composite samples. ............. 33
Figure 3. 1. DIW printing setup for short carbon fiber-reinforced honeycomb composite structures:
(a) modified DIW printer setup, (b) sample prints of triangular, hexagonal, and square honeycomb
structures having infill 40%, and (c) layer-wise print path design for the honeycomb composite
STTUCTUIES. .ttt b bbb bbb e e b e bbbt r e b e e nre e 41
Figure 3. 2. Optical images of DIW-printed triangular, hexagonal, and square honeycomb cores
using 14 at different infill densities: (a) 14-T-130, (b) 14-H-130, (c) 14-S-130, (d) 14-T-150, (e) 14-H-

150, and (f) 14-S-150. Schematics in (g) - (i) illustrate geometric parameters of the core and unit

Figure 3. 3. Print quality evaluation of DIW-fabricated honeycomb composites: (a) Optical image
of printed skin layers, (b) - (e) surface height contour maps of the DIW printed specimens
FADFICALE USING 1L1-14. ..ottt 49
Figure 3. 4. In-plane compression behavior of DIW 3D-printed carbon fiber-reinforced honeycomb
cores fabricated using 14: (a) - (c) stress-strain curves for triangular, hexagonal, and square cores.
(d) - () Images show failure events of the composite honeycomb cores during in-plane
compression testing: node rotation (red), cell wall buckling (orange), and brittle fracture (blue).
Stress-strain curves for triangular, hexagonal, and square cores made with 1113 are provided in

the figure S3.1 (supplementary infOrmMation 1).........ccocviririiiinine e 52

XV



Figure 3. 5. In-plane compressive properties of DIW 3D-printed fiber-reinforced epoxy
honeycomb cores with varying fiber content: (a) - (c) stiffness, (d) - (f) strength, (g) - (i) specific
stiffness, and (j) - (1) specific strength for triangular, hexagonal, and rectangular cores. ............ 54
Figure 3. 6. Experimental vs. scaling law predictions for composite honeycomb structures: (a)-(c)
stiffness and (d)-(f) strength as functions of density under in-plane compression of triangular,
hexagonal, and square NONEYCOMID COES........c.eiuiiieieiie et 56
Figure 3. 7. Optical microscopy images of carbon fiber alignment in cell walls for (a) triangular,
(b) hexagonal, and (€) square hONEYCOMD COTES........c.ccvueiierieiieieerie et sve e 57
Figure 3. 8. In-plane compressive strength comparison of DIW-printed carbon fiber-reinforced
honeycomb structures with other honeycomb designsS. .......cceevveiieiiciic i 58
Figure 4. 1. Optical images of DIW-printed and cured carbon fiber-reinforced honeycomb
composite cores: (a) hexagonal, (b) square, and (c) triangular designs using 14, with schematics
showing unit cell geOMELIIC PAFAMELELS. ....cviiiieiiee et 63
Figure 4. 2. Out-of-plane compression testing of DIW 3D-printed carbon fiber-reinforced epoxy
composite honeycomb cores (H, S, and T) fabricated using 14: Images illustrates (a) - (c) elastic
deformation (O-A), plateau stage (A-B), and densification (B-C) during testing. Similar behavior
was demonstrated by specimens fabricated using 11-13. Post-testing images of hexagonal, square,
and triangular cores are provided in the figure S4.1 (supplementary information 2). (d) - (i) Force-
displacement and stress-strain curves for hexagonal, square, and triangular cores fabricated using
11-14 with infill 30% and 40%. Insert showing different stages of deformation in the force-
AISPIACEIMENT CUNVES. .....oviieete ettt bbbttt bbbt e e 68
Figure 4. 3. Comparison of the crashworthiness parameters of DIW-printed carbon fiber-reinforced

honeycomb cores (hexagonal, square, triangular) with 30% and 40% infill under out-of-plane

XVi



compression: (a) - (c) total energy absorption (EA), (d) - (f) specific energy absorption (SEA), (g)
- (i) peak crushing force (PCF), and (j) - () crushing force efficiency (CFE). ......cccccvevvvrvenenne. 71
Figure 4. 4. Comparison of out-of-plane compression properties of DIW-printed fiber-reinforced
epoxy honeycombs with other cellular designs: (a) Strength, and (b) SEA. .......c.cccevvevieivernene 73
Figure 5. 1. Optical images of DIW-printed CFRECSSs with 11-14 having various layer and core
geometries: (a) IL-C-11/12/13/14, (b) IL-T-11/12/13/14, (c) IL-R-11/12/13/14, (d) 2L-C-11/12/13/14, (¢)
2L-T-12/12/13/14, (f) 2L-R-11/12/13/14, (g) unit cell schematics, (h) 2L beam geometry. (g) - (h)
Schematics depict the geometric parameters of the unit cell and CFRECSSS. ..........cccccccvvveneane. 79
Figure 5. 2. Optical microscopy images of DIW-printed geometries and print-induced fiber
alignment in CFRECSS: (a) - (c) honeycomb core profiles, and (d) - (f) DIW print-induced fiber
alignment showcasing microstructure tailoring. Red arrow showing the printing direction. ....... 86
Figure 5. 3. Surface roughness of DIW-printed CFRECSS: (a) - (d) surface height contour maps
and S, values of composite sandwich skins fabricated using 11-14. ...........ccccoveiiiiiic e, 86
Figure 5. 4. Three-point flexure test results of DIW-printed CFRECSSs. (a) - (b) Load-
displacement curves for 1L and 2L beams fabricated with inks 11 and 14. (c) - (d) Stress-strain
curves for 1L and 2L beams fabricated using inks 11 and 14. (e) Typical flexural deformation of
1L beams. Similar deformation responses were noted for other 1L and 2Lbeam specimens. (f)
Typical brittle fractures at the skin (cyan) and core (orange) captured during testing of 2L beams.
Similar brittle fracture patterns were seen in both 1L and 2L beam specimens. Refer figure S5.1
(@) - (h) in the supplementary information 3 for responses, deformation, and fracture patterns of
1L and 2L beams fabricated using 13 and 14..........ccooiiiiiiii e 89
Figure 5. 5. Mechanical properties of 1L and 2L DIW-printed CFRECSSs beams: (a) - (b) peak

load, (c) - (d) flexural stiffness, (e) - (f) flexural modulus, and (g) - (h) flexural strength........... 91

XVil



Figure 5. 6. Theoretical and finite element simulation results for DIW-printed CFRECSSs. (a) -
(d)Theoretical flexural modulus and strength. (e) — (g) Finite element simulations showing von-
Mises stress distribution and deformation trends of CFRECSSs beams, with stress values presented
[T o o LR (= TSRS SSSRRU 93
Figure 5. 7. Comparison of three-point flexure (a) modulus and (b) strength between DIW-printed

CFRECSSSs and other SaNAWICHh STTUCTUIES. ... ..eeeeeeeeeee et e e e e e e e e 96

XViii



List of Tables

Table 2. 1. Summary of rheological parameters for all ink material formulations...................... 29
Table 2. 2. Typical fiber alignment distribution at the top and bottom surface of DIW printed
] 01T [T 0SSOSR 33

Table 2. 3. Components of second-order orientation tensor of the DIW printed specimens at the

(00 (0 ST =T od o] SRS 34
Table 3. 1. Surface roughness (Sa) MEASUIEMENTS. ........cuiiiiiiiriirie et 48
Table 3. 2. Summary of tensile teSt FESUILS. .....ccvviieiiece e 55
Table 5. 1. Summary of tensile teSt FESUILS. ....ccveeviiieci e 83

XiX



Chapter 1: Introduction

1.1. Honeycomb Core Structures and Its Applications

Lightweight honeycomb core structures, inspired by natural cellular materials like cork, balsa
wood, bones, teeth, tusks, and horns, are increasingly used in advanced materials and architectures
for structural protection and load-bearing applications [1-3]. Low weight, high energy absorption,
and effective thermal insulation make honeycomb structures ideal for aerospace, marine, sports,

and transportation industries [4-7], where these properties are essential.

The performance of honeycomb structures can be tailored by adjusting fabrication techniques [8-
11], geometry [12, 13], microstructure [10], and base materials [14, 15]. Designed to convert
external forces into internal energy through large deformations or strain, honeycomb cores excel
at energy absorption [16]. The choice of core materials—including aluminum [14, 17], aramid
paper [18, 19], and carbon/glass fiber-reinforced composites [8, 10, 20] —significantly impacts

their mechanical properties.

Fabrication techniques are pivotal in advancing the widespread use of honeycomb cores by
enabling cost-effective, high-quality production while maintaining structural integrity and
performance. This chapter provides a comprehensive review of various fabrication methods
categorized based on the materials utilized. It explores the benefits and limitations of each
technique, considering both the manufacturing process and the material system employed. By

analyzing these factors, this review underscores the importance of advanced manufacturing



techniques, such as direct ink writing (DIW), in enabling the scalable and cost-effective production

of honeycomb cores with diverse shapes and sizes for various engineering applications.

1.2. Expansion-Based Fabrication of Non-Metallic and Metallic Honeycomb Cores

The expansion process for fabricating Nomex/Thermoset honeycomb cores involved several key
steps [18, 21] as shown in figure 1.1. Nomex paper sheets were cut into 50 mm-wide ribbons, onto
which an epoxy-based adhesive was applied at regular intervals to achieve a honeycomb cell size
of 9.5 mm. These adhesive-coated ribbons were then heated at 110°C for 5 minutes to evaporate
the solvent. The dried ribbons were stacked and subjected to a curing process at 170°C for 30

minutes to ensure strong bonding.

Expansion Process of
Honeycomb Manufacture

HOBE BLOCK HOBE SLICE wp

EXTENDED PANEL Y

Figure 1. 1. A typical schematic representation of the expansion process [18, 21].

Once cured, the stacked ribbons were mechanically expanded perpendicular to their length using
a custom-built expander until the desired hexagonal cell structure was formed. The expanded

honeycomb cores were then impregnated with thermoset resins and underwent a series of curing



cycles in an oven. This impregnation and curing process was repeated until the honeycombs
reached the required density, which ranged from 2.0 to 4.0 Ib/ft3. The final honeycomb structures
measured 300 x 300 x 50 mm, with a consistent hexagonal cell height of 9.5 mm. A comparable

and similar process is employed for manufacturing metallic honeycomb cores [22].

1.2. Corrugation-Based Fabrication of Metallic Honeycomb Core

In the corrugation process, honeycomb cores are fabricated by forming corrugated sheets and
bonding them together. This method is particularly suited for high-density metallic cores that

cannot be expanded due to the thickness and strength of the metal sheets.

For metallic honeycomb cores, thin metal sheets are passed through toothed rollers to create
corrugations as shown in figure 1.2 [21]. These corrugated sheets are then bonded to form a rigid
honeycomb structure. This method is preferred for applications requiring high strength and
durability, such as aerospace and industrial sectors. However, the process is more expensive due
to the complexity of handling, stacking, and bonding the sheets, as well as the challenges in cutting

from the block.



CORRUGATED BLOCK
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eteleinle
.0.. 02026
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Corrugation Process w0
of Honeycomb Manufacture

CORRUGATED PANEL Y 3

Figure 1. 2. A typical schematic representation of the corrugation process [21].

For paper-based honeycomb cores, the process involves stacking and bonding corrugated
cardboard sheets to create an unexpanded block. Once cured, slices are cut from the block and
expanded to form the honeycomb structure. While heavier than expanded honeycomb cores, this
method remains cost-effective when using standard corrugated cardboard sheets. It enables the
production of honeycomb cores with cell sizes as small as 5 mm, improving surface quality and
reducing print-through effects. Paper honeycomb cores manufactured through this process are
commonly used in automotive applications, including sunroof panels, hard tops, parcel shelves,

spare wheel covers, and luggage floor assemblies.

1.3. Fiber-Reinforced Honeycomb Core Fabrication Techniques

Fiber-reinforced composite honeycomb cores are categorized and reviewed based on fabrication
techniques, as illustrated in figure 1.3. This figure outlines the primary fabrication methods and
the types of reinforcing fibers reported in the literature, offering a comprehensive understanding

of fiber-reinforced composite honeycomb materials.
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Figure 1. 3. Categorization of fiber-reinforced composite honeycomb materials documented in

the literature [23].

1.3.1. Hot press molding method

Hot press molding is a widely used technique for manufacturing composite structures, including
honeycomb cores, by curing fiber prepregs in specially designed molds. A natural fiber-reinforced

hexagonal honeycomb structure was fabricated using this approach [24].



A mold featuring periodically arranged hexagonal steel pillars (figure 1.4 (a)) was employed, with
the pillars securely fastened to a flat steel plate, leaving uniform gaps between them (figure 1.4
(b)) to accommaodate fiber prepregs. Jute fabric was placed in a zigzag pattern within these grooves,
followed by the infusion of vinylester resin. The assembly was then subjected to controlled
pressure and temperature in a hydraulic press, curing the honeycomb walls between the steel
inserts. The final structure post fabrication of fabricated core is shown in figure 1.4 (c). Itis critical
to note that the fabricated core structures exhibited variations in fiber volume fraction between
longitudinal and diagonal walls due to differences in fiber layer distribution. However, the absence

of transverse pressure during curing led to void formation, affecting fabrication quality.

120 mm

\

arance

© e

Figure 1. 4. The hot press molding process [24]: (a) bottom plate with inserts, (b) pre-assembled

honeycomb structure, (c) final fabricated honeycomb core.

To address this issue, an improved hot press molding method was developed, incorporating a

movable hexagonal pillar system (figure 1.5 (@) — (d)). This modification allowed lateral



compression during curing, ensuring better resin distribution and structural integrity. The resin-
wetted jute fabric was placed within the comb-like mold, laterally pressed to remove excess resin,

and then cured under pressure and temperature.
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Figure 1. 5. Hot press molding with lateral compression [24]: (a) fabrics placed in the mold, (b)
compression force applied to the combs, (c) open mold view, (d) closed mold view. Hot press
molding with corrugated molds [8]: (e) square molds, (f) circular molds, (g) hexagonal molds,

(h) fabricated honeycomb blocks.

A further variation of this technique replaces hexagonal pillars with corrugated molds, such as
square, circular, or hexagonal molds (figure 1.5 (e) — (g)), to preform fiber prepregs into precise
shapes before assembly. These cured, singly corrugated sheets were then cut to the desired height
and bonded to form the final honeycomb structure (figure 1.5 (h)), ensuring uniform wall thickness

and improved structural quality [8].

1.3.2. Interlocking Method

The interlocking method, developed for fabricating grid structures without molds, offers a cost-
effective and scalable approach to manufacturing composite materials [25]. These grid structures,
characterized by large cell sizes and thick walls, are assembled by interlocking grooved pieces,

simplifying fabrication while maintaining structural integrity.



- Interlocki% Pyramidal cell

Figure 1. 6. Fabrication of sandwich columns with 3D honeycomb grid cores using cut carbon
fiber-reinforced composite sheets and the interlocking method [26]: (a) egg honeycomb grids, (b)
pyramidal honeycomb grids. Photographs of egg honeycomb grid cores with 3.0% relative

density (c) and pyramidal honeycomb grid cores with 6.0% relative density (d) [27].

In this method, pultruded glass fiber composite ribs, with fibers aligned along the rib direction,
maximize stiffness and strength. Grid configurations can be categorized as bi-grid, tri-grid, or
quad-grid, depending on the number of ribs crossing each intersection. Bi-grids exhibit superior
compressive strength due to their high longitudinal stiffness, while tri-grids and quad-grids provide
balanced compressive and shear properties, with the latter excelling in shear resistance due to

increased interlocking restraint.



The interlocking method has also been applied to fabricate square-honeycomb cores from
composite sheets, mirroring metallic honeycomb manufacturing [28]. Additionally, carbon fiber
bi-grid composites with varied fiber architectures have been developed using this approach [29].
To further enhance mechanical properties, the Kagome-grid configuration was introduced,

leveraging carbon fiber reinforcement for optimized compressive and shear performance [30, 31].

Initially, interlocking honeycomb grids featured closed-cell architectures due to the absence of
perforations in the laminates. However, the method has been adapted to create open-cell structures
using modified interlocking components [26, 32], as illustrated in figure 1.6 (a) — (b). A further
advancement involved manufacturing 3D carbon fiber composite egg and pyramidal honeycomb
grids [27]. In this process, T700/epoxy prepreg laminates are cut using an electronic engraving
machine, and interlocked through specific caulking grooves—Ilong grooves for egg-shaped grids

and a combination of long and short grooves for pyramidal grids (figure 1.6 (c) - (d)).

Despite its advantages, this method presents challenges, particularly at rib intersections, where
fiber interference can lead to local stiffness reductions and potential failure points. However,
interlocking mitigates these issues while significantly enhancing manufacturability at a lower cost.
Its versatility allows adaptation to various materials, expanding its applications across engineering

and scientific fields, from macroscopic structural components to nanoscale systems [33].

1.3.3. Vacuum-Assisted Resin Transfer Molding

VARTM is widely used in the composite industry for manufacturing large, complex structures at
a low cost. This method is well-suited for producing high-quality fiber-reinforced honeycomb
materials using specialized molds [34]. In this process, hexagonal molds hold strips of jute woven

fabric in place on a bottom panel (figure 1.7 (a)). To minimize voids, a polyester resin and curing
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agent mixture is infused into the mold under vacuum assistance (figure 1.7 (b)). After curing, the

honeycomb core is bonded to composite face sheets using a heated hydraulic press (figures 1.7 (c)

—(d)).

Figure 1. 7. Vacuum-assisted resin transfer molding (VARTM) process [34]: (a) Hexagonal
molds with jute woven fabric strips fixed in the bottom panel, (b) Resin infusion assisted by a
vacuum pump, (c) Sample sandwich panel with glass fiber skins jute fiber honeycomb core, (d)

Jute fiber-reinforced honeycomb sandwich panel.

Compared to hot press molding, VARTM allows for greater design flexibility, enabling the
fabrication of honeycomb structures with irregular shapes and customized configurations.
However, both methods require high-cost molds and manual processing, which can limit the

scalability and affordability of composite honeycomb materials.
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1.3.4. Tailor-folding Method

The tailor-folding method enables the high-speed fabrication of cellular cores from planar fiber-
reinforced prepregs while maintaining fiber continuity and structural integrity [35]. This approach
eliminates weak points such as interlocking slots, ensuring that all fibers remain continuous within
the honeycomb cells. Unlike mold-dependent methods, the tailor-folding process allows for
scalable production without size limitations. By using woven fiber prepregs or stacked plies, it

achieves high mechanical performance at a low surface mass density.

As illustrated in figure 1.8 (a), the process consists of four steps: cutting, folding, curing, and
assembling. A numerical control cutting machine pre-cuts slits into the prepreg, followed by a
critical two-stage folding step where the material is shaped into a semi-hexagonal corrugated form
before being folded back and bonded into a honeycomb structure. Handling thick prepregs with
multiple layers is challenging, but the method is well-suited for thin-walled, lightweight

honeycombs with engineering applications.

Curing is performed in an autoclave at 130°C and 0.5 MPa for 2 hours, with PTFE hexagonal
prism molds inserted to maintain cell shape until resin solidification. This method allows for
diverse honeycomb configurations, as shown in figure 1.8 (b), ranging from closed-cell to open-
cell structures. The final assembly involves bonding the honeycomb core to face sheets using

epoxy-based adhesive, as demonstrated in figure 1.8 (c) with a 300 mm x 300 mm sandwich panel.
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Figure 1. 8. (a) Schematic of the tailor-folding fabrication process [35]. (b) Illustrating two types
of fiber-reinforced honeycomb cores: closed-cell honeycombs with various configurations and
functions, and open-cell honeycombs ranging from microporous to macroporous structures. ()

Also shown is a 300 mm x 300 mm fiber-reinforced sandwich panel with a hexagonal

honeycomb core.

The tailor-folding method offers a significant advantage in continuous manufacturing, unlike
traditional hand-based molding techniques. Although its low fault tolerance remains a challenge,

automation is feasible with optimized materials and processes. Computer-programmed cutting and
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folding lines support a streamlined production line, reducing time and labor costs while enhancing

fabrication speed and scalability.

1.3.5. 3D Printing Method

Recent advancements in 3D printing provide exceptional flexibility in designing and fabricating
complex cellular architectures. While traditional approach of using fused filament fabrication
(FFF) for cellular structures using thermoplastic filament, recently a direct ink writing (DIW) 3D
printing has been adapted for fabricating fiber-reinforced composites [36-45]. A hierarchical ink
formulation, incorporating Epon 826 epoxy resin, nano-clay platelets, and dimethyl methyl
phosphonate, was developed for this purpose [10], as shown in figure 1.9 (a) — (b). The nano-clay
platelets impart shear-thinning behavior, essential for extrusion-based printing. Silicon carbide
whiskers and short carbon fibers were added to enhance stiffness and yield stress, ensuring
minimal aggregation or sedimentation due to their solid-like nature at rest. The fiber-filled epoxy
ink was printed through a 200 um nozzle and thermally cured to complete polymerization. Various

honeycomb structures with different cell geometries were successfully printed.
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Figure 1. 9. DIW 3D printing method [10]: (a) DIW-printed triangular honeycomb composite;
(b) schematic of composite ink deposition during DIW-printing. 3D printing with continuous
carbon fibers [13]: (c) schematic of sandwich structure fabrication; (d) sandwich specimens

featuring four different honeycomb core designs.

However, short-fiber-based 3D printing has limitations, including nozzle clogging due to particle
aggregation, inconsistent mechanical reinforcement, and anisotropic fiber alignment affecting
strength. To overcome these issues, a continuous carbon fiber 3D printing method was developed
[13]. As shown in figure 1.9 (c), an FDM-type printer extruded continuous carbon fiber alongside
thermoplastics, maintaining fiber tension using a polytetrafluoroethylene tube to prevent filament
buckling. The extrusion speed was synchronized with the printer's movement, allowing seamless
filament transitions. A one-piece sandwich structure with a honeycomb core was fabricated, along
with variations in core geometry (figure 1.9 (d)). Despite these improvements, a major limitation
remains: fabrication-induced defects, shape fidelity issues, poor fiber impregnation, voids, fiber
pullout, and misalignment persist [13, 46-48], leading to premature failure and limiting the strength

of printed parts.

DIW 3D printing, despite using short fiber reinforcement, offers a promising approach for
fabricating composite honeycomb structures with viscoelastic thermoset-based inks, while other
AM techniques face inherent challenges: FFF suffers from warping and weak filler-matrix
bonding, DLP and SLA struggle with filler dispersion and curing, and PBF has difficulties with
filler distribution [49]. DIW's selective multi-material ink deposition enables precise geometric

control at multiple scales, yet challenges like post-cure shrinkage (2-3%) in DIW-printing of neat
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thermoset light cure epoxy [50], low fiber volume content (~15 vol%) in fiber-reinforced epoxy
[51], high extrusion pressures, and fabrication inaccuracies—such as nodal misalignment and cell

wall waviness—Iimit its effectiveness for high-performance applications.

This study addresses a few challenges including nozzle clogging, low-fiber content, print quality
by developing engineered multi-material ink with desired shear-thinning and flow yield
characteristics to fabricate sandwich core with different geometries. Addressing these issues by
developing a diverse range of printable multi-material composite ink formulations containing 10
— 40 wt.% fiber content to fabricate honeycomb structures with precisely tailored mechanical
properties, improved print quality, and reduced extrusion pressure. This advancement not only
expands the scalability and efficiency of additive manufacturing for lightweight, high-strength
cellular architectures but also allows for the integration of multifunctional materials, paving the
way for designing and fabricating composite honeycomb cores with flexible core architecture for

next-generation aerospace, automotive, and structural applications.

1.4. Objective

This dissertation presents a comprehensive study on designing and developing composite inks for
DIW printing of honeycomb composite cores and sandwich structures with tailored mechanical

properties. The research objectives are categorized as follows:

I. Develop, fabricate, and characterize DIW-printed honeycomb composite cores using tunable
multi-material inks with carbon fiber concentrations ranging from 10-40 wt.%.

I1. Examine the in-plane compression behavior of DIW-printed honeycomb composite cores.
I11. Analyze the out-of-plane compression response and energy absorption characteristics of

DIW-printed honeycomb composite cores.
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IV. Assess the mechanical performance of DIW-printed sandwich structures through three-point

bending tests.

18



Chapter 2: 3D Printable Ink Formulations and Characterizations

2.1. Introduction

3D printing enables the creation of complex three-dimensional structures with virtually unlimited
geometric freedom. Among various additive manufacturing techniques, Direct Ink Writing (DIW)
has gained prominence as a versatile and efficient method for fabricating high-precision composite
structures. DIW offers several key advantages, including (i) compatibility with a diverse range of
printable materials, (i) minimal environmental constraints during printing, and (iii) the ability to

tailor mechanical properties through controlled microstructural design.

The DIW process involves extruding viscoelastic inks through a translating nozzle under shear
stress, depositing material in a precise layer-by-layer manner to construct the final 3D object. For
successful fabrication, three fundamental steps must be ensured: (i) maintaining smooth and
uninterrupted ink flow through the syringe and nozzle, (ii) achieving continuous and stable

extrusion of the ink, and (iii) ensuring uniform deposition on the printing platform.

A critical factor in DIW printing is the formulation of inks with desired rheological properties that
govern their printability. These properties include shear yielding, where carbon fiber-reinforced
epoxy inks transition from a gel-like to a fluid-like state under applied stress, and shear thinning
behavior, which facilitates smooth extrusion under increasing shear rates. The precise tuning of
these rheological characteristics dictates the suitability of a material for DIW-based 3D printing,

directly impacting print resolution, structural integrity, and overall fabrication efficiency.

This chapter presents an advanced manufacturing strategy for designing and formulating 3D-
printable inks composed entirely of short carbon fibers, epoxy resin, and specialized additives. The

formulated composite inks integrate short carbon fibers as the primary reinforcement, epoxy as the
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binding matrix, and fumed silica along with a rheology modifier to fine-tune the ink’s viscoelastic
behavior. This tailored formulation enables precise extrusion-based additive manufacturing via
Direct Ink Writing (DIW). A critical aspect of this approach is the precise control of rheological
properties to ensure printability and structural integrity of the printed constructs. The ink's
viscoelastic characteristics are systematically adjusted by varying the weight fractions of fumed
silica, carbon fibers, and the rheology modifier. This enables the material to exhibit essential flow
properties, including shear yielding—allowing the ink to transition from a solid-like to a flowable
state under applied stress—and shear thinning—facilitating smooth extrusion and deposition while
maintaining structural stability post-printing. By leveraging these rheological principles, the
developed composite inks achieve a balance between flowability and mechanical robustness,
making them highly suitable for fabricating complex, high-performance carbon fiber-reinforced

structures through DIW.

2.2. Experimental

2.2.1. Materials

A two-part, low-viscosity infusion-grade epoxy (Part A resin and Part B hardener) was obtained
from PRO-SET, alongside milled carbon fibers (7 um diameter and 71.14 + 11.66 mm length)
from Teijin Carbon, and fumed silica from Evonik Corporation, all of which were used as received.
The epoxy served as the matrix material, while fumed silica was incorporated to modify the ink's
viscosity. This addition enhanced the shear-thinning behavior of the ink, which is crucial for
ensuring smooth extrusion during the printing process, and also improved the interfacial adhesion
between the carbon fibers and the epoxy matrix. Furthermore, fumed silica imparted thixotropic

properties to the ink, allowing it to maintain its shape post-extrusion and contributing to better
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control over print resolution. The carbon fibers acted as the primary reinforcement in the
composite, while the fumed silica also acted as a rheology modifier to optimize the ink's flow

characteristics, enabling improved printability and fiber-matrix bonding during the DIW process.

2.2.2. Ink Preparation

The printable inks were prepared by first combining Part A epoxy with fumed silica in a planetary
mixer at 2000 rpm for 2 minutes to achieve a uniform mixture. Carbon fibers were then added in
incremental 1g batches, with each batch mixed for 1 minute at 2000 rpm to ensure thorough
dispersion. This process continued until the desired carbon fiber concentration was reached.
Following this, Part B epoxy was introduced and mixed at 2000 rpm for 1 minute, followed by the
addition of a rheology modifier. The final mixture was carefully defoamed and degassed to remove

any air bubbles that could affect the printing quality.

Four distinct ink formulations, labeled 11-14, were developed, with variations in silica content
(ranging from 2 wt.% to 6 wt.%) and carbon fiber content (10, 20, 30, and 40 wt.%), while
maintaining a constant rheology modifier concentration of 2 wt.%. These formulations were
specifically engineered to enable the direct ink writing (DIW) of honeycomb structures with
customizable core geometries and mechanical properties. The ability to adjust both silica and
carbon fiber content allowed for fine-tuning of the inks' rheological properties, which were crucial
for the successful 3D printing of high-performance, lightweight composite structures with tailored

mechanical characteristics.

21



2.2.3. Rheological Characterization of the Inks

The rheological properties of the inks 11-14, as designed in Section 2.2.2, were evaluated using a
Discovery HR-3 Rheometer (TA Instruments). The rheometer was equipped with a 40 mm flat
geometry at the top and a temperature-controlled Peltier stainless steel plate at the bottom to
maintain a consistent test environment. A gap of 1000 um was carefully maintained between the
top and bottom fixtures to secure the ink during testing. Steady-state flow tests were conducted to
assess the inks' viscosity and flow behavior over a shear rate range of 1072 to 30 s™'. These tests
were carried out at a controlled temperature of 22°C, with a 1-minute preconditioning period to
stabilize the inks before measurement. This thorough rheological analysis provided critical data
on the inks' flow characteristics, enabling better understanding and optimization of the printable

inks for DIW applications.

2.2.4. 3D Printing Process

A customized direct ink writing (DIW) 3D printer was utilized to fabricate tensile test specimens
following ASTM D638 Type-V standards using inks I1-14. Two print orientations were
implemented: “longitudinal (L),” where the print paths and fibers aligned parallel to the applied
load, and “transverse (T),” where they aligned perpendicular to the load. The DIW printer
comprised key components, including an extrusion head, a build platform, a control system, a
pneumatic pressure controller, and an X-Y-Z motion system. Ink formulations, as detailed in figure
2.1 (a), were used for fabricating tensile test specimens with longitudinal and transverse print paths
as shown in figure 2.1 (b) and (c). The extrusion speed was maintained at 10 mm/min for all
specimens unless otherwise noted. Post-printing, specimens underwent an initial curing phase at

room temperature for 8 hours, followed by a post-curing process at 82 °C for an additional 8 hours.
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Figure 2. 1. () DIW print set-up. DIW-printed specimens with (b) longitudinal and (c)

transverse print paths.

2.2.5. Characterizations of Mechanical Properties

The tensile properties of all four variants of inks (Ink 1 - 4), each comprising longitudinal and

transverse printed tensile specimens with their respective inks, were evaluated through tensile
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testing. A minimum of ten specimens (five longitudinal and five transverse) per ink variant were
tested using a displacement-controlled dual-column Instron 5969 tensile testing system at a strain

rate of 1 mm/min.

2.2.6. Microstructural and Fiber Orientation Characterization

This study conducted microstructural characterization of composite tensile specimens fabricated
using DIW inks. The composite samples were sectioned and embedded in quick-cure acrylic,
followed by polishing with an automated Struers Labopol-5 polisher using DiaPro Largo and Dur
polishing agents. This process exposed the carbon fiber surfaces embedded within the epoxy

matrix for analysis.

High-resolution scanning electron microscopy (SEM) was employed to examine three distinct
polished surfaces: the top surface (x-y plane), bottom surface (x-y plane), and cross-section (X-z
plane). SEM images of the top and bottom surfaces were used to evaluate fiber alignment along
the extrusion direction, while cross-sectional images provided insights into fiber orientation

distribution throughout the specimen thickness.

To quantify fiber orientation, second-order orientation tensors (a1, az2, ass, a2, ais, az) Were
calculated using an in-house script developed in ImageJ. The spatial orientation of a single fiber
and its unit vector p is defined in a spherical coordinate system by (r =1, 0, ¢) as shown in figure
2.1 (a). The second-order representation (p1, p2, p3) of the unit vector g in the cartesian coordinate
system is given in equation (2.1):

p1 = sin@ cos ¢

p, = sin @ sin ¢ (2.1)

p3; = cosf
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The orientation tensors are calculated as the dyadic product of the unit vector g. The orientation

tensor T is a symmetric second-order tensor and is expressed in equation (2.2).

A1z Gz Gz3 bz D5 DP2Ds (2.2)
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Figure 2. 2. (a) Coordinate system defining the components of the unit vector 5. (b) Circular, and
(c) elliptical cross-section of the cylindrical fibers defining the axes endpoints and in-plane

angle.
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Thus, the orientation tensors ( a;1,a,,, ass, a2, a3, a,3) Were used to detect and measure the
cross-section information of the individual carbon fiber from the SEM micrographs (2D) and
present 3D information about the orientation of fibers within the epoxy matrix. This method was
illustrated by Bay and Tucker [52]. Figures 2.1 (b) and 2.1 (c) highlight the procedure to determine
the diameter of the circular cross-section and the major and minor axis of the elliptic cross-section
with the aid of the endpoints. Thus, allowing to determine the in-plane and out-of-plane angle ¢
and 0. This multi-plane imaging and analysis approach enabled a comprehensive understanding of

fiber orientation both on the surface and within the bulk of the composite specimens.

2.3. Results and Discussion

2.3.1. Rheological Characteristics of the Printable Inks

The rheological properties of DIW ink are critical for precise control during the printing process,
enabling smooth and continuous extrusion through the syringe barrel and nozzle without requiring
excessive extrusion forces. The ink must exhibit shear-thinning behavior, allowing it to flow easily
through a high-resolution nozzle under applied pressure. Additionally, the ink must maintain its
printed shape after deposition, closely aligning with the digital design and preserving geometric
fidelity across stacked layers until curing. Therefore, DIW inks should exhibit solid-like, elastic
behavior below a specific stress threshold, known as the shear yield stress (z,), and transition to a
flow state when this threshold is surpassed. The raw materials, such as silica and carbon fibers,
play a pivotal role in designing the rheological parameters of the ink. Silica fillers enhance the
ink's lubrication effect, while carbon fibers increase flow resistance during extrusion. Increasing

silica content raises the shear yield stress, a critical parameter for ensuring the printability of fresh
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ink, ultimately preserving the structural integrity of printed layers by maintaining their shape post-

extrusion. Similar observations have been reported in previous studies [53, 54].
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Figure 2. 3. Log-log plots of (a) viscosity as a function of shear rate and (b) storage and loss
moduli as a function of oscillatory shear stress for fiber-reinforced epoxy inks of varying
compositions, showing shear thinning and yielding behaviors, which are critical for 3D

printability.

Figure 2.2 (a) presents the viscosity profiles of composite inks (Ink 1-4) obtained through steady-
state flow analysis. All inks exhibit pronounced shear-thinning behavior, with viscosity decreasing
by approximately two to three orders of magnitude as the shear rate increases from 0.01 to 30 s'—
conditions typical in 3D printing. For example, Ink 2, composed of 5.25 wt.% silica and 20 wt.%
carbon fibers, shows an initial viscosity of around 8,208 Pa-s at a low shear rate (0.01 s™'), which
sharply decreases to approximately 28 Pa‘s at a higher shear rate (30 s™!). This behavior is
attributed to the 3D network formed by silica nanofillers [55, 56] and carbon fiber micro-fillers
[57, 58] within the epoxy matrix, which increases the ink’s viscosity. Under applied shear or

external stress (e.g., pneumatic pressure during extrusion), this network temporarily breaks down,
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reducing the apparent viscosity and facilitating flow. Once the stress is removed (e.g., as the ink
exits the nozzle), the network reforms, restoring the viscosity. This reversible process,
characteristic of shear-thinning materials, allows extrusion through fine nozzles while maintaining
the printed structure’s integrity. The viscosity profiles also reveal that initial viscosity decreases
with reduced silica content, indicating that nanoparticles have a more substantial impact on
viscosity compared to microfillers. The viscosity and shear rate data were further analyzed using
the Herschel-Bulkley (HB) fluid model (equation (2.3)) [59], shown in figure 2.2 (a). Parameters
such as shear yield stress (10), consistency index (K), and flow index (n) were derived via nonlinear
regression analysis, with the model demonstrating excellent agreement with the experimental data.

These results are summarized in table 2.1.
n=2+Ky® (2.3)

Viscosity and shear rate are represented by n (Pa.s), and y (s~1) respectively.

Further, the relationship between shear stress (t), shear rate (), printing speed (v), and nozzle
size (r) is described by equation (2.4) [49], where 1o, K, and n represent the yield stress, flow
consistency factor, and power-law index, respectively, as detailed in table 2.1. Additionally,
equation (2.5) [60] defines the shear rate (y) at the nozzle tip as a function of printing speed
(assuming print speed is numerically equal to the velocity of the ink at the nozzle tip, v = 10
mm/min) and nozzle size (r = 0.20 mm and 0.29 mm) [60]. Results obtained using equations (2.4)

and (2.5) show strong agreement with experimental data as shown in table 2.1.

shear stress T = 1y + Ky™ (2.4)
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4v
shear rate at nozzle tip,y = p— (2.5)

Table 2. 1. Summary of rheological parameters for all ink material formulations.

T0 -
Experimental
Inks r r;r;e(a ! ) K n ) T (Cross-over
¥ point between
G'and G")
mm st Pa.s Pa Pa Pa

Ink 1 0.21 1.03 10.24 0.98 144.49  155.08 122.53
Ink 2 0.21 1.03 32.04 0.93 78.16  111.25 119.29
Ink 3 0.29 0.73 5.11 0.95 12.93 16.73 12.71
Ink 4 0.29 0.73 30.21 0.59 18.86 43.99 25.21

Dynamic oscillatory tests were conducted to assess the viscoelastic properties of the composite
inks, as shown in figure 2.2 (b). The results demonstrate that all inks exhibit predominantly elastic
behavior at low shear stresses, where the shear storage modulus (G') exceeds the shear loss
modulus (G”). This ensures the shape-retaining characteristics of the printed structures. When the
applied shear stress surpasses the ink's yield shear stress (10), G” exceeds G, marking a transition
from solid-like to liquid-like behavior, which is essential for smooth extrusion during 3D printing.
Inks with appropriate to are particularly advantageous for the direct ink writing (DIW) of
freestanding structures, as they maintain structural integrity under low stresses from self-weight
and gravity. The inclusion of silica nanofillers and carbon fibers enhances the shear storage
modulus, improving the shape fidelity of the printed structures. The study reports G’ values ranging
from 1,857 to 6,326 Pa and 1o values between 12 and 144 Pa, indicating satisfactory performance
across all tested inks. Notably, Ink 4 exhibits a higher G’ compared to Ink 1, attributed to its

increased carbon fiber content.
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While absolute parameters such as viscosity (1), viscoelastic properties (G', G"'), and shear yield
stress may vary across different DIW inks, their overall rheological trends align closely with those
observed for Inks 14 in this study [10, 61, 62]. This consistency ensures both extrudability and

the ability to maintain geometric fidelity in the printed structures.

2.3.2. Mechanical Properties

The tensile test results are illustrated in figure 2.3. As expected for short fiber composites,
specimens with fibers aligned perpendicular to the loading axis display reduced stiffness (figure
2.3 (b)) and strength (figure 2.3 (c)), with only marginal improvements as the fiber weight fraction
increases. In contrast, specimens with fibers aligned parallel to the loading direction exhibit a
substantial enhancement in stiffness as fiber content increases (figure 2.3 (b)), alongside a
continuous rise in strength with increasing fiber weight (figure 2.3 (c)). For example, tensile test
samples printed with Ink 4 demonstrate a 183% increase in stiffness and a 36.9% increase in

strength compared to those fabricated with Ink 1.

Figure 2.3 (d) presents a schematic representation of the tensile test specimen, indicating the
locations where micrographs were captured to evaluate fiber alignment induced by shear during
the DIW process. This schematic provides insight into how extrusion parameters influence fiber
orientation. Figures 2.3 (e) and (f) display micrographs of specimens printed with longitudinal and
transverse print paths, respectively, demonstrating the effect of DIW on fiber alignment. These
images highlight the capability of DIW to control and engineer microstructural orientation, which
can be strategically leveraged to tailor the mechanical properties of the printed composites in this

study
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Figure 2. 4. Mechanical Properties of DIW-Printed Specimens Fabricated with Inks 1-4. (a)
Representative stress-strain curves of tensile specimens printed using Inks 1-4. (b) Bar plot
showing the average Young’s modulus of the specimens. (c) Bar plot depicting the average
tensile strength of the printed specimens. (d) Schematic representation of a tensile test specimen,
indicating the micrograph locations used for assessing print-induced fiber alignment. (e)
Micrographs show fiber alignment in longitudinally printed tensile specimens. (f) Micrographs

illustrate fiber orientation in transversely printed tensile specimens.

Figures 2.4 (a) and (b) present representative SEM images of the top and bottom surfaces of DIW-
printed specimens, illustrating the fiber alignment induced during the printing process. Figures 2.4
(c) and (d) depict the statistical orientation distribution of fibers on both surfaces, reinforcing the
effectiveness of DIW in aligning fibers along the extrusion direction. Additionally, the statistical
analysis in figures 2.4 (c) and (d) and table 2.2 reveals reduced fiber alignment on the bottom

surface, likely due to the deposition of the soft ink material onto the substrate. This results in the
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flattening of the lower portion of the extruded filament, causing partial realignment of fibers

initially aligned by shear during extrusion.
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Figure 2. 5. SEM micrographs showing DIW print-induced fiber alignment on the (a) top and (b)
bottom surfaces of the printed specimens. Statistical distribution of fiber alignment at the (c) top

and (d) bottom surfaces, highlighting variations in fiber alignment due to the printing process.
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Table 2. 2. Typical fiber alignment distribution at the top and bottom surface of DIW printed

specimens.
Fiber alignment 0<%10° 0 < +20° 0 < +30°
Top surface 39.00% 64.20% 81.00%
Bottom surface 23.80% 48.30% 69.90%

Cross-Sectional View
(X-Z Plane)

Figure 2. 6. (a) Schematic illustration of the cross-sectional view of the DIW-printed composite

samples. (b) SEM images of the cross-section of the DIW-printed composite samples.
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Table 2. 3. Components of second-order orientation tensor of the DIW printed specimens at the

cross-section.

Cross-section of DIW
a1l a1 ai3 a2 az3 ass

printed specimens

Specimen 0.157 0.096 0159 0.280 0.331 0.563

Figure 2.5 (a) presents a schematic representation of a representative cross-sectional region in the
x-z plane, while figure 2.5 (b) displays SEM images of the cross-section of DIW-printed
specimens. The fiber morphology in figure 2.5 (b) varies, appearing as circles, slender strips, or
ellipses with different major-to-minor axis ratios, depending on the print parameters. Additionally,
table 2.3 quantifies fiber orientation tensor components, showing a dominant alignment along ass
(extrusion direction, y-axis) with a notable distribution of fibers along a2z (yz-plane), a2 (z-axis),
a1z (xy-plane), and a1 (x-axis), demonstrating the influence of the DIW process on fiber

orientation.

2.4. Chapter Conclusion

In conclusion, we successfully developed 3D-printable fiber-reinforced epoxy inks suitable for
DIW-based fabrication of tensile test composite specimens. Rheological characterization
confirmed that the formulated inks exhibited the necessary shear thinning and yielding properties,

ensuring smooth extrusion and structural integrity post-printing. Tensile testing demonstrated that
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increasing fiber concentration enhanced the stiffness and strength of specimens printed with
longitudinal print paths. Additionally, microstructural analysis revealed print-induced fiber
alignment, further highlighting the influence of DIW on composite microstructure and mechanical

performance.
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Chapter 3: In-Plane Compression of 3D-Printed Carbon Fiber-Reinforced

Honeycomb Cores with Tailored Cellular Designs

3.1. Introduction

Additive manufacturing (AM), commonly referred to as 3D printing (3DP), has transformed rapid
prototyping by facilitating the fabrication of cellular structures with customized geometries and
material properties [63]. AM offers several advantages, including design flexibility, automation,
efficiency, and cost-effectiveness [64]. The mechanical performance of cellular structures, such as
honeycombs, can be engineered by modifying unit cell geometry [12, 13, 28, 65] and
microstructure [10]. These structures are particularly effective under out-of-plane loading
conditions but often exhibit lower in-plane strength [12]. Since practical applications typically
involve multi-directional forces, a thorough investigation of in-plane mechanical properties is
essential for accurately predicting structural behavior under complex loading scenarios. Although
significant advancements have been achieved in the development of 3D-printed metallic
honeycomb and truss structures for energy absorption applications [66], they often lack the
lightweight characteristics and tunability provided by composite materials. Research on polymer-
based cellular structures fabricated through fused filament fabrication (FFF), one of the most
widely used AM techniques, has identified several challenges [67-69]. These include limited
mechanical strength, poor surface quality, void formation, and restricted material options [70, 71].
Addressing these limitations is critical for advancing the performance of polymer-based cellular

structures in engineering applications.
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To address the limitations associated with FFF-printed thermoplastics, the incorporation of short
carbon fibers has emerged as a promising solution, significantly improving the stiffness and
strength of the printed structures. These fiber-reinforced composites offer enhanced design
flexibility, enabling the creation of more robust and lightweight parts [72, 73]. Studies have shown
that the addition of carbon fibers can lead to mechanical property enhancements of 2 to 3 times
compared to unreinforced polymers, making them a valuable addition for applications requiring

improved performance [74, 75].

Research has also focused on tailoring the properties of carbon fiber-reinforced composites,
particularly in relation to infill density in CF/PEKK composites. The results indicate that increased
infill density can improve stiffness but may reduce the material's ability to absorb energy,
highlighting a trade-off between structural rigidity and energy dissipation in certain applications
[15]. Furthermore, the performance of fiber-reinforced structures, particularly in 3D printing, is
influenced by several challenges, including poor fiber-matrix bonding [76, 77], the formation of
voids [15], and fiber misalignment [78]. These issues can weaken the material, reducing the overall
strength and leading to premature failure of printed parts [63, 76]. Despite these challenges,
research continues to explore methods for improving the quality of 3D-printed fiber-reinforced
composites, aiming to overcome these limitations and enhance their applicability in more

demanding engineering fields.

To enhance the mechanical properties and energy absorption capabilities of materials beyond
traditional metals and soft polymers, there is an increasing focus on using short fiber-reinforced
and unreinforced thermoplastics, as well as continuous fibers, in Fused Filament Fabrication (FFF)
processing [79]. The integration of continuous fibers has been a key advancement in improving

the strength, stiffness, and impact resistance of 3D-printed structures. In particular, co-extrusion
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techniques for creating continuous fiber-reinforced thermoplastic composite (CFRTPC)
honeycomb structures have been developed, offering a promising route for fabricating lightweight
yet high-strength materials [46-48]. One notable method, introduced by Sugiyama et al., uses pre-
impregnated filaments to control fiber tension, which ensures consistent fiber alignment and

improves the overall mechanical properties of the composite [13].

Additionally, a free-hanging 3D printing technique for CFRTPC lattice truss structures has been
explored, providing an alternative approach for fabricating complex, high-performance
composites in additive manufacturing [79]. While these advancements hold great potential, they
are still plagued by several challenges that limit their performance and widespread application.
Fabrication-induced defects such as poor fiber impregnation, voids, fiber pullout, and fiber
misalignment during the printing process often undermine the quality of the printed parts [13, 46-
48]. These issues lead to reduced strength and premature failure, restricting the durability and
reliability of the parts and limiting their use in high-performance applications. Therefore,
continued research is needed to refine the fabrication processes, improve fiber-matrix bonding,
and address these defects to unlock the full potential of continuous fiber-reinforced thermoplastic

composites in 3D printing.

To overcome the challenges faced by traditional additive manufacturing methods, direct ink
writing (DIW), an advanced extrusion-based additive manufacturing technique, has emerged as a
promising solution [49]. DIW enables the precise and controlled fabrication of 3D structures using
a variety of materials, including thermosets, polymers, carbon nanotubes (CNT), and graphene
oxide (GO) solutions [10, 63, 80-83]. The versatility of DIW lies in its ability to handle a wide
range of materials, paired with the ability to design print-ready inks with tailored rheological

properties such as viscosity, shear yield stress, and viscoelasticity [45, 49]. These properties ensure
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the accurate extrusion and shape retention of the printed structures, allowing for the rapid and
precise creation of high-resolution, multi-material geometric features [10, 49, 51, 64]. This
capability is particularly useful for fabricating filler-reinforced honeycomb structures [10, 51, 84].
Despite its potential, comprehensive research on designing and formulating multi-material
printable inks remains limited. Challenges such as low fiber content [10, 51], print accuracy [85],
geometric fidelity [10, 85], and the limitations of DIW-printed honeycomb composite cores—

especially for in-plane mechanical properties—remain significant obstacles [10].

This study seeks to overcome these challenges by utilizing a series of engineered, print-ready inks
with tailored fiber content, as developed in Chapter 2, to fabricate diverse honeycomb composite
cores with optimized strength-to-density ratios. These epoxy-based viscoelastic inks enable the
fabrication of lightweight, high-strength carbon fiber-reinforced epoxy composite honeycomb
structures with customizable core configurations, cell sizes, and infill densities. These customized
ink formulations enable the fabrication of nature-inspired cellular composites with intricate
geometries, including hexagonal, triangular, and square cores. These structures exhibit superior
mechanical properties compared to conventional unreinforced and reinforced thermoplastics, as
well as metallic honeycomb cores. This study further investigates the inks capability for high-
quality DIW fabrication. The surface quality of the resulting structures are assessed using optical
imaging techniques to measure surface roughness. To understand the mechanical properties of the
printed structures, in-plane compression tests are performed, and the results are compared with
scaling laws and previous studies on 3D-printed composites and metal-based honeycombs. The
findings highlight how geometric design, infill concentration, and fiber content play a critical role
in tailoring the mechanical performance of DIW-printed honeycombs. Overall, this research

demonstrates the potential of combining DIW with engineered inks to create advanced composite
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honeycombs with highly customizable mechanical properties, making them ideal for innovative,

lightweight, and high-strength structural applications.

3.2. Experimental

3.2.1. 3D Printing Process

A customized direct ink writing (DIW) 3D printer was employed to fabricate a diverse range of
composite honeycomb core structures and tensile test specimens. This printer included essential
components such as an extrusion head, a build platform, a control system, a pneumatic pressure
controller, and an X-Y-Z motion system, as illustrated in figure 3.1 (a). The ink formulations,
detailed in chapter 2, were used to create various core geometries. Honeycomb core structures,
along with integrated peripheral skins, were printed without the need for external adhesives,

ensuring proper contact with the test fixture during mechanical testing.
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Figure 3. 1. DIW printing setup for short carbon fiber-reinforced honeycomb composite
structures: (a) modified DIW printer setup, (b) sample prints of triangular, hexagonal, and square
honeycomb structures having infill 40%, and (c) layer-wise print path design for the honeycomb

composite structures.

The inks, prepared as described in chapter 2, were loaded into 10 ml luer-lock syringes, degassed,
and mounted onto the DIW printer. Ink extrusion was controlled pneumatically via a pressure
regulator, using g-code to direct the extrusion process. The printer used tapered tips with inner
diameters of 0.41 mm for 11-12 and 0.58 mm for 13-14 to control the print resolution. Ink was
deposited onto a PTFE-coated glass substrate to facilitate the easy removal of the printed
structures. All DIW-printed honeycomb structures, shown in figure 3.1 (b), were fabricated at

room temperature under pneumatic pressures of 6-10 psi.

Three-dimensional models were designed using SOLIDWORKS, and the corresponding STL files
were converted into G-code using open-source software such as Slic3r and Repetier-Host. The
generated G-code was customized to optimize printing continuity and minimize non-printing
movements within and between print layers. Figure 3.1 (c) illustrates the multi-stroke print path
strategies used for various core designs, highlighting the flexibility of the DIW process. The print,
non-print, and stop actions are indicated in green, purple, and red, respectively, demonstrating the

precise control of the deposition process.

This fabrication approach contrasts with the single-stroke continuous print paths typically used in
3D printing of continuous fiber-reinforced thermoplastic structures, which often suffer from print-
induced defects [13, 86]. In contrast to common issues like overlap [46, 87] and unnecessary

extrusion [13, 61] during non-print moves, the engineered print paths in this study, along with

41



computer-controlled deposition, ensure accurate and defect-free fabrication of 3D parts,

eliminating material waste.

The fabrication process was carried out under ambient conditions, followed by pre-curing and
post-curing of the entire structure at 82°C for 8 hours. This curing process results in strong bonds
among the cell edges and between adjacent printed layers, mitigating the interlaminar failure
commonly observed in fiber-reinforced FFF structures [88]. The printing parameters included
layer thicknesses of 0.41 mm and 0.58 mm, with a print speed of 10 mm/min. All configurations

were fabricated with ten sequential print passes stacked in a bottom-up approach.

3.2.2. Compression Testing of Honeycomb Cores

In-plane quasi-static compression tests were performed to evaluate the compressive properties of
the honeycomb core structures using an INSTRON 3345 testing machine, equipped with a 5000
N load cell. Each specimen was subjected to compression between two circular steel fixtures,
applying a constant crosshead speed of 1 mm/min. Tests were conducted for each unique core
configuration, with at least three specimens tested per configuration. This resulted in a total of 27
specimens for each ink type, amounting to 108 samples across four different ink formulations to

ensure reliable and repeatable results.

Throughout the quasi-static compression tests, the deformation behavior of the honeycomb cores
was meticulously captured using a high-resolution camera, with a 1920 x 1080 pixel resolution
and a recording speed of 240 frames per second, providing detailed visual data on the material's
response to compression. The nominal compressive stresses (6) and strains (€) of the fiber-

reinforced honeycomb specimens were calculated based on the established formulas in equations
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(3.1) and (3.2), ensuring accurate determination of their mechanical behavior under the applied

loads.

o=t= L (3.1)

e=2 (3.2)

The in-plane compressive stress (o) and strain (€) were determined using the following parameters:
F represents the applied force, A is the cross-sectional area, W denotes the specimen width, T
stands for the specimen thickness, H indicates the height of the specimen, and 6 refers to the axial
displacement. Stiffness was quantified by calculating the initial slope of the stress-strain curve,
while the strength was determined based on the first peak stress observed in the curve during

compression.

To ensure robust results, the average mechanical properties were derived from at least three
independent tests for each variant. Specific stiffness and strength were computed by normalizing
the measured values with respect to the specimen density, providing a clearer understanding of the
material's performance under compression relative to its mass. This approach enabled the detailed
evaluation of the mechanical characteristics and their variations across different core

configurations.

3.2.3. Imaging

The surface roughness of the printed honeycomb cores were evaluated using a Keyence VHX-
7000 digital microscope, providing high-resolution imaging for detailed surface inspection. To

assess fiber alignment, specimens were first embedded in acrylic epoxy resin to preserve their
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structure, then polished sequentially with SiC grit papers (ranging from 800 to 4000) using a
Struers Labopol 5 polisher. For finer resolution, the final polishing step was carried out manually
with diamond slurries of 3 um and 1 um, followed by a colloidal silica solution (0.02 um SiO>) to

achieve an ultra-smooth surface finish.

Before imaging, the samples underwent thorough preparation. They were sonicated in deionized
water to remove any debris, degreased with ethanol and methanol to eliminate organic
contaminants, and subsequently dried at 60°C for 24 hours to ensure moisture removal. This
meticulous process allowed for a precise qualitative evaluation of fiber orientation and the overall

surface characteristics of the printed cores.

3.3. Results and Discussion

3.3.1. DIW Printed Honeycomb Structures with VVaried Core Designs

The scalability and applicability of the newly developed DIW-printable inks (11-14) as outlined in
chapter 2 were evaluated through the fabrication of triangular (T), hexagonal (H), and square (S)
honeycomb core structures with varying infill densities, as illustrated in figure 3.2. (a) — (f). These
honeycomb structures, characterized by periodic prismatic cellular patterns, exhibit mechanical
behavior governed by factors such as cell geometry [12, 89], infill density [90], and the properties

of the base material [14, 15].
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(a)14-T-130 (b)I4-H-130 (c)I4-S-130
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Figure 3. 2. Optical images of DIW-printed triangular, hexagonal, and square honeycomb cores
using 14 at different infill densities: (a) 14-T-130, (b) 14-H-130, (c) 14-S-130, (d) 14-T-150, (e) 14-
H-150, and (f) 14-S-150. Schematics in (g) - (i) illustrate geometric parameters of the core and

unit cell.

Triangular cells with single-wall configurations generally display in-plane isotropy, while
hexagonal and square cells with double-wall configurations exhibit in-plane anisotropy [8, 16].
Increasing the infill density reduces the cell size, enhances relative density, and improves crushing

strength [90]. Additionally, the properties of the base material play a significant role in influencing
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the structural stability, shear strength, and compressive resistance of honeycomb cores [14, 91,
92]. In this study, relative densities of DIW-printed honeycomb structures were controlled by
varying cell geometry, infill density, and base material composition, as depicted in figure 3.2. (a)
— (f). The focus was on systematically analyzing the compressive properties of honeycomb
structures fabricated with triangular (T), hexagonal (H), and square (S) cells, three infill
concentrations (30%, 40%, and 50%), and four different base materials (I11-14). The geometric
parameters of the DIW-printed honeycomb specimens are shown in figure 3.2 (g) — (i). These
include width (W), height (H), cell size (s), cell wall thicknesses (t: for inclined walls and t. for
vertical walls), core density (p;,), relative density (p,.), density of base material (pg) and cell wall
angle (0), as outlined in table S3.1. Also, overall thickness (T) is shown in table S3.1
(Supplementary Information 1). The nominal density (p,) of the honeycomb structures was
determined using the measured mass and volume of the specimens, based on their nominal

dimensions, as shown in equation (3.3):

M
Prn = War

(3.3)

Where M, W, H, and T are the nominal specimen mass, width, height, and thickness respectively.
The density of the base material (p;) was measured using a gas pycnometer (AccuPyc Il 1340). A
total of 108 specimens were tested, encompassing three replicates for each combination of infill
density, cell geometry, and ink type. The specimens were categorized based on the type of ink,
cell geometry, and infill density. For example, "I13-T-140" denotes a triangular honeycomb core

printed with Ink 3 at a 40% infill density.
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This comprehensive approach ensures scalability and provides a robust understanding of the
mechanical performance of DIW-printed honeycomb cores across diverse geometries, materials,

and infill densities.

3.3.2. Evaluation of Surface Roughness in the DIW-Printed Core Structures

Surface roughness is a critical metric for evaluating print quality, particularly in assessing the
uniform stacking of layers during DIW printing. Figure 3.3 (a) highlights the surface morphology
of the peripheral skin of DIW-printed honeycomb cores (T, H, and S) post-printing and curing.
The surface roughness of these cores, fabricated using different inks (11-14), was systematically
compared with 3D-printed PLA and continuous fiber-reinforced thermoplastic composites. These
comparisons address print-induced defects, including surface warping and voids, often caused by
fiber stiffness and the repetitive heating-cooling cycles associated with fused filament fabrication

(FFF) processes [93, 94].

Figures 3.3 (b) — (e) depict 200x magnification contour diagrams of the surface height profiles of
DIW-printed honeycomb cores fabricated using inks 11-14. These contours reveal peak-to-valley
distances across the surface, indicating significantly lower roughness (0 to 133 pm) compared to
3D-printed PLA (-453.6 to 446.8 um) and FFF carbon fiber-reinforced composites (-552.8 to 236.8
pum) [13]. This superior surface quality can be attributed to the consistent rheology of the DIW
inks, the absence of print path overlaps, and the semi-elliptical cross-sectional geometry of the
deposited filaments. These factors contribute to the smoother and more uniform surfaces of DIW-
printed cores. Table 3.1 summarizes the average surface roughness (Sa) values measured across
the entire surface. The data indicate that the Sa values for DIW-printed structures are significantly

lower than the Ra values reported for 3D-printed PLA structures and are comparable to those
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observed in 3D-printed continuous carbon fiber-reinforced composites [13]. These findings
underscore the capability of the DIW printing process to produce high-quality surfaces with

minimal roughness, enhancing the structural integrity and performance of the printed honeycomb

cores.
Table 3. 1. Surface roughness (Sa) measurements.
Surface Surface roughness Ra (um) -Continuous
Honeycomb Surface roughness ) ; . g
roughness Sa fiber-reinforced thermoplastic composites
structures Ra (um) - PLA [13]
(um) [13]
11-T/H/R-
130/40/50 21.42
12-T/H/R-
24.54
130/40/50 32+5.2 19+£2.6
I13-T/H/R- 26.37
130/40/50 '
14-T/H/R-
130/40/50 30.74
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Figure 3. 3. Print quality evaluation of DIW-fabricated honeycomb composites: (a) Optical
image of printed skin layers, (b) - (e) surface height contour maps of the DIW printed specimens

fabricated using 11-14.

This analysis method, adapted from previous studies [52], provides an objective framework for
assessing the print quality of the DIW-printed structures. The results confirm the effectiveness of
the DIW process in producing honeycomb cores with smooth surfaces without any print-induced
defects such as print surface irregularities and warping, particularly when employing print-ready

ink formulations and printing parameters.
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3.3.3. In-plane Compression Properties of Honeycomb Cores

To assess the mechanical properties of DIW-printed honeycomb composite cores, in-plane
compression tests were performed on specimens with triangular (T), hexagonal (H), and square
(S) geometries. These cores were fabricated with varying infill densities (30%, 40%, and 50%)
and base materials incorporating different carbon fiber contents (Inks 11-14). The typical stress-
strain curves, presented in figure 3.4 (a) — (c), exhibit a characteristic response: an initial peak
stress followed by a decline due to cell wall buckling and brittle fracture. The corresponding

fracture patterns are shown in figure 3.4 (d) — (f).

For triangular cores, fractures predominantly occurred at the inclined and horizontal cell walls
across all infill densities, indicating structural weaknesses in these areas. Hexagonal cores
demonstrated fractures primarily at the junctions of inclined and vertical walls, followed by a stress
recovery phase due to the realignment of vertical walls, especially in specimens with higher infill
densities. In square cores, progressive failure was observed, with stress drops corresponding to the

sequential collapse of horizontal and vertical wall junctions.

The mechanical performance of DIW-printed cores improved significantly with increasing infill
density and carbon fiber content in the base material. Figures 3.5 (a) — (f) show that higher infill
densities resulted in enhanced relative density, reduced cell size, and an increased number of unit
cells, leading to improved stiffness and strength. For instance, cores fabricated with 14 at 50%
infill (14-T-150, 14-H-150, and 14-S-150) exhibited stiffness enhancements of 59%, 43%, and 47%,
respectively, compared to their 30% infill counterparts. Similarly, their strength increased by

106%, 93%, and 162%, respectively.
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The carbon fiber content in the base material also played a critical role in improving mechanical
properties. Specimens fabricated with Ink 14 showed significant gains in stiffness and strength
compared to those made with Ink I1. For example, 14-T-150, 14-H-150, and 14-S-150 exhibited
stiffness improvements of 70%, 13%, and 81% and strength enhancements of 49%, 36%, and 84%
compared to their respective 11 counterparts. These trends were consistent across other geometries
and infill densities (130 and 140), demonstrating the reinforcing effect of carbon fibers in enhancing

the structural performance of DIW-printed composite cores.

Hexagonal cores consistently outperformed triangular and square cores in both stiffness and
strength, as shown in figures 3.5 (a) - (f). This superior performance stems from the unique
structural configuration of hexagonal cores, where the periodic arrangement of inclined and
vertical double cell walls (anisotropic in-plane core structure) with unequal cell wall lengths (Table
S1) enhance load distribution and load-bearing capacity along the loading axis. As a result,
hexagonal cores exhibit superior mechanical properties compared to triangular and square
counterparts. For instance, the stiffness and strength of 13-H-150 increased by 20% and 43% in
stiffness and 96% and 135% in strength compared to 13-T-150 and 13-S-150, respectively. Similar
trends are observed across different base materials (11, 12, and 14), highlighting the mechanical

advantages of hexagonal cores due to their combined cell wall configurations and load distribution.
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Figure 3. 4. In-plane compression behavior of DIW 3D-printed carbon fiber-reinforced

honeycomb cores fabricated using 14: (a) - (c) stress-strain curves for triangular, hexagonal, and

square cores. (d) - (f) Images show failure events of the composite honeycomb cores during in-

plane compression testing: node rotation (red), cell wall buckling (orange), and brittle fracture
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(blue). Stress-strain curves for triangular, hexagonal, and square cores made with 1113 are
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Figure 3. 5. In-plane compressive properties of DIW 3D-printed fiber-reinforced epoxy
honeycomb cores with varying fiber content: (a) - (c) stiffness, (d) - (f) strength, (g) - (i) specific

stiffness, and (j) - (1) specific strength for triangular, hexagonal, and rectangular cores.

The study also assessed the specific stiffness and strength of honeycomb cores, which are critical
parameters for lightweight structural applications. As illustrated in figures 3.5 (h), (i), (k), and (1),
specific stiffness and strength generally increased with higher infill densities. For instance, the 14-
H-150 and 14-S-150 specimens exhibited 22% and 8% gains in specific stiffness, respectively,
while achieving 65% and 88% improvements in specific strength compared to their 30% infill
counterparts. However, these enhancements diminished as carbon fiber content increased from 10

wt.% to 40 wt.%, attributed to the corresponding rise in material density.

Triangular cores showed less consistent trends in specific stiffness (figure 3.5 (g)). For example,
the 13-T-130 specimen demonstrated 23% higher specific stiffness than 13-T-140, indicating that
while increasing infill density raises the overall density of the structure, it does not necessarily
improve specific stiffness. This suggests that 13-T-140 has a heavier build compared to 13-T-130.
Despite these anomalies, specific strength generally improved with increased relative density due
to reduced cell size, except for minor deviations in some cases (figure 3.5 (h)). Overall, hexagonal
and triangular honeycomb specimens demonstrate comparable specific stiffness and strength, both
exceeding those of square honeycomb core specimens. Finally, the combined effect of cell
geometry, higher infill density, and improved base material properties reinforces the potential of
DIW-printed honeycomb cores for lightweight structural applications requiring high mechanical

performance.
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The stiffness (E) and strength (o) of the triangular, hexagonal, and square honeycomb cores were
evaluated and compared using classical cellular mechanics scaling laws [95], as outlined in

equations (3.4) and (3.5).

E=B (ﬂ)b E, (3.4)

Ps

oc=C (i)c O (3.5)

The constants for the cores are as follows: for triangular cores, B=1/3,b=1,C=1/3,andc = 1;
for hexagonal cores, B = 3/2, b =3, C = 1/3, and ¢ = 2; and for square cores, B=1/2,b=1,C =
1/2, and ¢ = 1. The parameters E;, gy, and p, represent the stiffness, strength, and density of the
base material, respectively. These values were determined through tensile testing of DIW-printed
specimens fabricated using inks 1114, adhering to ASTM D638 Type-V standards.

Specimens were printed in a longitudinal (L) orientation to ensure fiber alignment along the
loading direction during testing. The tensile test results, including scaling law values for E., g,
and p,, are summarized in table 3.2.

Table 3. 2. Summary of tensile test results.

Tensile .
Specimen name Stiffness Tens"(e O'S;rength Density
(Es) * (ps)
(GPa) (MPa) (g/cc)
11-L 1.08 +0.15 62.75+1.55 1.1
12-L 1.66 +0.12 73.57 +5.07 1.05
13-L 2.00+0.19 76.92 + 2.80 0.89
14-L 3.08 +£0.17 85.94 + 3.73 0.92
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Figure 3. 6. Experimental vs. scaling law predictions for composite honeycomb structures: (a)-

(c) stiffness and (d)-(f) strength as functions of density under in-plane compression of triangular,

hexagonal, and square honeycomb cores.

Figure 3.6 (a) — (c) presents the experimentally determined stiffness of triangular, hexagonal, and
square honeycomb cores, showing a close correlation with scaling law predictions for all structures
fabricated using Inks 1-4. The strength measurements for triangular cores, depicted in figure 3.6
(d), also align well with scaling law predictions. However, hexagonal cores consistently surpass
these predictions, as shown in figure 3.6 (e). This discrepancy arises from the structural design
differences: triangular cores have a single-wall, in-plane isotropic configuration with angled fiber
alignment (figure 3.7 (a)), while hexagonal cores possess a double-wall, in-plane anisotropic
design where fibers remain aligned along the loading direction (figure 3.7 (b)), resulting in a
significantly higher load-bearing capacity. In contrast, square honeycomb cores exhibit lower

strength than scaling law predictions, as shown in figure 3.6 (f). This reduction in strength is
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attributed to the limited load-bearing capacity of the horizontal walls. Figure 3. 7 (c) further
illustrates the in-plane anisotropy of the square cores, where fibers in the double walls are aligned
with the load, while fibers in the horizontal walls, oriented perpendicular to the load, hinder
effective load-bearing and distribution compared to hexagonal and triangular cores. All
microstructures (figure 3.7 (a) — (c)) demonstrate strong fiber-matrix bonding, enhancing their
mechanical performance. This bonding is notably superior to honeycombs printed with continuous

carbon fiber-reinforced thermoplastics, which often suffer from poor fiber impregnation [92].

Figure 3. 7. Optical microscopy images of carbon fiber alignment in cell walls for (a) triangular,

(b) hexagonal, and (c) square honeycomb cores.
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Figure 3. 8. In-plane compressive strength comparison of DIW-printed carbon fiber-reinforced

honeycomb structures with other honeycomb designs.

The in-plane mechanical strength of honeycomb structures with various core architectures,
fabricated using DIW 3D printing, was compared to honeycombs produced through different
manufacturing techniques and materials. As illustrated in figure 3.8, DIW-printed honeycomb
cores demonstrate superior in-plane compressive strength compared to DIW-printed cellular
structures [10], 3D-printed continuous fiber-reinforced composite honeycombs (CFRCHSs) [12],
polymer-based honeycombs [96], 304 stainless steel corrugated cores [97], carbon fiber-reinforced
plastic (CFRP) pyramidal cores [98], 304 stainless steel hourglass trusses [99], CFRP Y-shaped
cores [100], BCCZ panels fabricated via selective laser melting (SLM) [101], and 3D-printed steel
lattices [102]. In addition to their enhanced mechanical performance, the DIW-printed hexagonal
honeycombs exhibit a significantly lower density compared to 3D-printed steel lattices. This
combination of lightweight properties and high in-plane strength highlights their potential for

applications demanding structurally efficient, high-performance materials.
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3.4. Chapter Conclusion

In summary, this chapter highlights the ability of the previously designed and developed multi-
material, carbon fiber-reinforced viscoelastic inks (10-40 wt.% fiber content) with customized
rheological properties (chapter 2) to facilitate the rapid and precise DIW 3D printing of high-
quality honeycomb composites featuring various core designs. These inks facilitated superior print
quality, tunable mechanical properties, and consistent fiber-matrix bonding, outperforming prior
work on 3D-printed fiber-reinforced epoxy composites, continuous carbon fiber-reinforced
thermoplastics, and metal-based cellular structures. Using this innovative ink formulation and
DIW technique, honeycomb structures with varying core configurations, cell geometries, sizes,
and densities were fabricated, achieving exceptional surface finish and shape fidelity compared to
3D-printed PLA and continuous fiber-reinforced composites. In-plane compression tests revealed
performance trends driven by core geometry, base materials, and infill densities. Compressive
stiffness and strength increased with higher infill, smaller cell sizes, customized geometries, and
greater relative density. Ink formulations incorporating customized carbon fiber content further
enhanced mechanical properties. Specific compressive strength improved with increased infill and
base material properties. Among core designs, hexagonal honeycombs exhibited superior
mechanical and specific properties, outperforming triangular and square counterparts. While
stiffness results for all core geometries aligned with scaling laws, hexagonal cores exceeded
strength predictions. Overall, the DIW-printed honeycomb structures demonstrated exceptional
compressive performance, highlighting the potential of viscoelastic inks and DIW 3D printing for
producing high-performance, customizable composite honeycombs suitable for lightweight

structural applications.
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Chapter 4: Out-of-Plane Compression and Energy Absorption of Carbon
Fiber-Reinforced Epoxy Honeycomb Cores with Diverse Geometric

Configurations fabricated via Direct Ink Writing (DIW)

4.1. Introduction

Honeycomb structures, known for their exceptional specific stiffness and strength under out-of-
plane (axial) loading [16, 103-105], have garnered significant attention in various industries,
including aerospace, marine, sports, and transportation [4-7], due to their low density, high energy
absorption capacity, and excellent thermal insulation properties [103, 106, 107]. The macroscopic
performance of these structures can be customized through fabrication methods [8-11, 35],
geometry [12, 13], microstructure [10], and material selection [14, 15]. Typically, honeycomb
cores are designed to convert external work into internal energy via deformation, making them
ideal for energy absorption applications [16]. Materials such as metals [17], ceramics [108],
polymers [109], and composites [8, 10] have been used to fabricate honeycomb cores, with fiber-
reinforced composites (FRCs) offering lightweight, customizable properties and superior
flexibility. Conventional manufacturing techniques, such as hot press molding, interlocking
assembly, and vacuum-assisted resin infusion [110-113], have enabled the fabrication of various
honeycomb topologies but are often constrained by high costs, geometry-specific molds, and

limited automation.
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Additive manufacturing (AM), particularly 3D printing, has revolutionized the production of
honeycomb structures, offering extensive design freedom, geometric complexity, and material
customization [49, 114-116]. Fused Filament Fabrication (FFF), a popular AM technique, has been
extensively studied for producing polymer honeycombs. However, FFF-printed components often
suffer from inadequate mechanical properties, limited energy absorption efficiency, and challenges

in incorporating reinforcing fibers [117, 118].

Recent advances in 3D printing have focused on continuous fiber-reinforced thermoplastic
composite (CFRTPC) structures, employing co-extrusion [12, 46, 86, 87], fiber tensioning [13],
and free-hanging methods [79]. Despite improvements, these techniques face challenges such as
poor fiber-matrix bonding, inter-layer voids, and limited energy absorption performance [48, 63,
86]. Furthermore, research on short fiber-reinforced thermoplastic honeycombs remains limited
due to insufficient mechanical and energy-absorbing capabilities arising from poor fiber-matrix

interaction [15, 76].

Direct Ink Writing (DIW), an emerging AM technique, offers unique advantages for fabricating
lightweight, intricate cellular structures with tailored material properties [10, 36, 37, 41, 44, 45,
80, 83, 119]. DIW enables the extrusion of concentrated viscoelastic inks with shear-thinning
behavior, maintaining shape fidelity post-extrusion. While DIW has been used to produce
polymeric scaffolds and functional structures [120-122], its application in fabricating carbon fiber-

reinforced epoxy honeycombs with superior out-of-plane performance remains underexplored.

This study utilizes epoxy-based viscoelastic inks containing carbon fiber and silica fillers as
outlined in chapter 2 for DIW 3D printing of biomimetic cellular composites. The inks exhibit
tunable rheological properties, enabling the fabrication of lightweight honeycomb structures with

diverse cell geometries (hexagonal, square, triangular), infill percentages (130, 140), and material
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formulations (11, 12, 13, 14). A comprehensive analysis of print quality, deformation modes, and
energy absorption characteristics highlights the superior performance of DIW-printed honeycombs
compared to conventional methods. The results underscore the potential of DIW and tailored inks
to advance lightweight structural applications, offering unparalleled flexibility in design and

fabrication.

4.2. Experimental

4.2.1. DIW Printing of Honeycomb Structures

The scalability of inks (11-14) was validated by DIW printing hexagonal (H), square (S), and
triangular (T) honeycomb structures with 30% and 40% infill (figure 4.1 (a) — (c)). These cellular
structures exhibit mechanical properties influenced by cell geometry [8], infill density [90], and
base material [15]. Triangular cores offer in-plane isotropy [90, 123], while hexagonal and square
cores exhibit anisotropy [16, 123]. Higher infill density increases relative density and strength
[90], while base material properties impact stability, shear strength, and compressive resistance

[14, 91, 92].

The geometric parameters of DIW-printed honeycomb cores are illustrated schematically in figure
4.1 (a) — (c) and include width (W), length (L), cell size (s), wall thicknesses (ti, t2), core density
(pn), relative density (pr), base material density (ps), cell wall angle (0), and overall thickness (T),
as detailed in table S4.1 (Supplementary Information 2). Multilayered honeycomb structures with
varying cell geometries and infill percentages were fabricated using customized G-code, ensuring
precise print control. Infill variations affected cell size and density, and the interplay between
geometry, infill, and base material influenced mechanical and energy absorption properties [16,
28, 89, 105, 123, 124].
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I
10 mm

Figure 4. 1. Optical images of DIW-printed and cured carbon fiber-reinforced honeycomb
composite cores: (a) hexagonal, (b) square, and (c) triangular designs using 14, with schematics

showing unit cell geometric parameters.

Printing was performed on a custom DIW pneumatic printer using a Nordson syringe as the
dispensing unit, with inks loaded into 10 cc syringes, degassed, and extruded through 410 um (i1,
12) and 580 pm (13, 14) nozzles at 10 mm/min under 4-10 psi. Designs and print paths were
generated in SOLIDWORKS, Repetier-Host, and Slic3r, with G-code modifications enhancing
print continuity. Unlike single-stroke paths in continuous fiber printing [13, 86], this DIW process
enables complex geometries. Printed specimens were pre-cured at room temperature (8 h) and
post-cured at 82 °C (8 h) to ensure strong interlayer bonding and prevent failure typical in FFF
structures [12, 88]. A 0.410/0.580 mm layer height resulted in 3.85-4.25 mm thick honeycomb

cores after 10 cycles.

Honeycomb specimens were classified by ink type (11-14), cell geometry (hexagonal "H", square

"S", triangular "T"), and infill (30% "130", 40% "140"). For instance, 11-H-130 represents a
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hexagonal honeycomb printed with Ink 1 at 30% infill. Each ink variant included 18 specimens (3

geometries x 2 infill levels x 3 replicates), totaling 72 specimens (18 x 4 inks) tested in this study.

4.2.2. Out-of-Plane Compression Testing

DIW-printed honeycomb structures with varying topologies and cell configurations underwent
quasi-static out-of-plane compression tests to assess their crushing behavior, deformation, and
load-displacement response. These tests quantified crashworthiness parameters, including total
energy absorption (EA), specific energy absorption (SEA), peak crushing force (PCF), and

crushing force efficiency (CFE).

Compression tests were conducted using an MTS 810 universal testing machine with a 100 kN
load cell. Specimens were compressed to 80% of their original height at a displacement rate of 1

mm/min. Nominal compressive stress () and strain (¢) were calculated using the following

equations (4.1) and (4.2):

—F 41
o= (4.1)

(4.2)

M
I
|

where F is the crushing force, A is the nominal cross-sectional area, & is the displacement, and H

is the initial specimen height.

Total energy absorption (EA) was computed by integrating the force-displacement curve (equation

(4.3)):

b
EA= f F.d§ (43)

a
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where a = 0 and b marks the densification onset. Specific energy absorption (SEA) was calculated

as the ratio of total energy absorption to specimen mass (m) (equation (4.4)):

SEA = 22 (4.4)

m

Crushing force efficiency (CFE) was determined as the ratio of mean crushing force (MCF) to

peak crushing force (PCF) (equation (4.5)):

MCF
CFE =

PCF (4.5)

The MCEF is defined as (equation (4.6)):

b

1
MCF= —| F.d§  (4.6)
Sy ).

The PCF represents the maximum force on the load-displacement curve prior to the onset of

densification.

The effective density (p;,) of the honeycomb specimens was calculated using the equation (4.7).
The density of the base materials (p) was measured using a gas pycnometer, specifically the

AccuPyc 11 1340.

M
Ph= T7 4.7)

where M, L, W, and T represent the mass, length, width, and thickness of the specimens,
respectively. The relative density (p,) of the honeycomb structures was determined using the

following equation (4.8):
_ Pn
Pr = p (48)
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where p,, is the density of the honeycomb specimen, and p,. is the density of the base material.

4.2.3. Imaging

To analyze the microstructure, including print-induced fiber alignment, specimens were embedded
in acrylic epoxy resin, polished with SiC grit papers (800-4000), and finished with 3 um and 1 pm
diamond slurries using a Struers Labopol 5 polisher. Samples were then sonicated in deionized
water, degreased with ethanol and methanol, dried at 60°C for 24 hours, and imaged using the

same microscope.

4.3. Results and Discussion

4.3.1. Out-of-Plane Compression Behavior and Energy Absorption of Honeycomb Cores

The typical stages of experimental out-of-plane compression tests for DIW-printed fiber-
reinforced epoxy composite honeycomb cores, including hexagonal (H), square (S), and triangular
(T) specimens, are illustrated in figure 4.2 (a) — (c). During testing, all cell walls initially bear the
compressive load uniformly, with failure typically initiating through axial or buckling

deformation, followed by densification.

The force-displacement and nominal stress-strain responses of honeycomb specimens made from
different base materials (11-14) are shown in figure 4.2 (d) — (i). These curves generally exhibit
three distinct deformation stages: initial elastic deformation (O—A), plateau stage (A-B), and
densification (B—C). The elastic stage (O—A) corresponds to the linear axial deformation of
honeycomb walls at the onset of compression. The plateau stage (A-B) follows once the
compressive load reaches the walls' load-bearing capacity, leading to wall collapse through brittle

fracture or buckling while maintaining relatively steady stress. The densification stage (B—C)
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occurs when cell walls fully collapse, causing a sharp stress increase with minimal additional

deformation.

Figure 4.2 (d) — (i) highlights that hexagonal and square honeycomb cores exhibit higher load and
stress bearing capacities compared to triangular cores due to their geometric configurations.
Hexagonal (six sides) and square (four sides) cores feature periodic double walls and stronger
surface contacts between adjacent walls, enhancing their structural stability and strength.
Conversely, triangular cores (three sides) rely on limited line contacts between walls, making them
structurally weaker. Additionally, figure 4.2 (d) — (f) shows improved load-bearing capacity across
all core variants fabricated with 1114 as infill increases from 30% to 40%, due to reduced cell size

and increased wall density.
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Figure 4. 2. Out-of-plane compression testing of DIW 3D-printed carbon fiber-reinforced epoxy

composite honeycomb cores (H, S, and T) fabricated using 14: Images illustrates (a) - (c) elastic

68



deformation (O-A), plateau stage (A-B), and densification (B-C) during testing. Similar behavior
was demonstrated by specimens fabricated using 11-13. Post-testing images of hexagonal, square,
and triangular cores are provided in the figure S4.1 (supplementary information 2). (d) - (i)
Force-displacement and stress-strain curves for hexagonal, square, and triangular cores
fabricated using 11-14 with infill 30% and 40%. Insert showing different stages of deformation in

the force-displacement curves.

Failure modes also vary with geometry and base materials. Hexagonal and square cores
predominantly fail via axial deformation, whereas triangular cores exhibit both buckling and axial
deformation depending on infill concentration, base material, and wall thickness. For example,
triangular honeycomb cores with 11-12 at 30% and 40% infill show buckling failure, while those
fabricated with 13—-14 fail through axial deformation. The presence of voids in 13—14 specimens
further influences force and stress curves, reducing wall strength and affecting deformation

resistance.

The initial and progressive compressive forces required for hexagonal, square, and triangular cores
made with 13—14 are comparable to or lower than those with 11-12 due to voids (figure S4.2-
Supplementary Information 2). These voids negate the benefits of higher carbon fiber content in

I13—14 cores, lowering wall strength and deformation resistance under out-of-plane compression.

Overall, square and hexagonal cores demonstrate higher crushing forces and strengths than
triangular cores due to their geometric design, which provides more bonding surfaces and
structural reinforcement. Among these, hexagonal cores exhibit slightly lower crushing forces than

square cores due to their combination of inclined and horizontal walls. Triangular cores show the
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weakest crushing force and strength due to their reliance on unstable line contacts, leading to

premature failure.
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Figure 4. 3. Comparison of the crashworthiness parameters of DIW-printed carbon fiber-
reinforced honeycomb cores (hexagonal, square, triangular) with 30% and 40% infill under out-
of-plane compression: (a) - (c) total energy absorption (EA), (d) - (f) specific energy absorption

(SEA), (9) - (i) peak crushing force (PCF), and (j) - (I) crushing force efficiency (CFE).

DIW-printed discontinuous fiber-reinforced honeycomb structures have potential applications in
energy absorption systems. While higher densities enhance structural strength, they may reduce
weight efficiency. Therefore, optimizing honeycomb parameters is crucial for achieving high
energy absorption while maintaining minimal weight, meeting the requirements for advanced
lightweight structural designs. In this study, crashworthiness parameters such as EA, SEA, PCF,
and CFE were derived from force-displacement curves. The crashworthiness performance metrics
for all DIW-printed honeycomb specimens are presented in figure 4.3 (a) — (I). Figure 4.2 (d) — (f)
indicates that densification begins at compressive deformations of 2—-2.25 mm for hexagonal cores,
2-2.15 mm for square cores, and 2.25-2.5 mm for triangular cores fabricated with 11-14 at 30%

and 40% infill.

As shown in figure 4.3 (a) — (c), EA increases for hexagonal, square, and triangular cores fabricated
with 11-14 as infill rises from 30% to 40%, due to additional walls and increased mass. For
example, cores made with 11 show EA increases of 11.7% (hexagonal), 98% (square), and 80.8%
(triangular) as infill concentration increases. However, EA for hexagonal and square cores
decreases across 11-14 due to voids, which reduce load-bearing capacity and diminish carbon fiber
reinforcement effects. Interestingly, triangular cores show an EA improvement trend, likely due to
differences in nozzle size (0.410 mm for 11 and 12 vs. 0.58 mm for 13 and 14), affecting wall

thickness and energy absorption.
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Figure 4.3 (d) — (f) presents SEA values, which measure energy absorption per unit mass.
Hexagonal cores exhibit similar or slightly lower SEA with increasing infill across 11-14 due to
mass increase. Square cores show an SEA increase with higher infill, as the energy absorption rise
outweighs the mass gain. 11 specimens with 30% and 40% infill exhibit higher SEA than square
cores made with 12—14. Triangular cores with 12—14 at 30% infill display higher SEA than those at
40% due to their lower mass. However, triangular cores with 11 at 30% infill show a 66.4% SEA

decrease compared to 40% infill, attributed to buckling-induced wall collapse.

Figure 4.3 (g) — (i) shows that all DIW-printed composite cores exhibit increased PCF with higher
infill for 11-14 due to greater mass and improved load distribution. Hexagonal and square cores
fabricated with 11 at 30% and 40% infill exhibit higher PCF compared to 12—14 counterparts, likely
due to reduced wall strength in 12—14 caused by voids. Triangular cores made with 12 show higher

PCF than those made with 11, 13, and 14 due to fewer voids and relatively thicker walls.

CFE, which characterizes compressive force uniformity, is another key crashworthiness parameter.
Higher CFE values minimize acceleration variations and structural damage. Figure 4.3 (j) — (I)
indicates moderate to high CFE values: 59-76 for hexagonal cores, 59-73 for square cores, and
42-79 for triangular cores fabricated with 11-14. Notably, DIW-printed fiber-reinforced epoxy
honeycomb structures demonstrate comparable or superior SEA and CFE values relative to
honeycombs made from neat thermoplastics, discontinuous fiber-reinforced thermoplastics, and

continuous fiber-reinforced epoxy composites.
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Figure 4. 4. Comparison of out-of-plane compression properties of DIW-printed fiber-reinforced

epoxy honeycombs with other cellular designs: (a) Strength, and (b) SEA.

Finally, comparing DIW-printed honeycomb structures with cellular topologies fabricated via
different methods offers valuable insights. Figure 4.4 (a) — (b) contrasts the out-of-plane

compression strength and SEA of DIW-printed honeycombs with various cellular designs,
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including 3D-printed CFRCHSs [12], CFRP hierarchical honeycombs [125], 3D-printed PLA
honeycombs [126], Al foam-filled CFRP tubes [127], Al honeycomb-filled CFRP tubes [127],
stiffened syntactic foam [128], metallic square-honeycombs [28], CFRP hexagonal honeycombs
[35], hierarchical thermoplastic honeycombs [129], Al hexagonal honeycombs [130], and Al

hierarchical honeycombs [131].

DIW-printed fiber-reinforced epoxy composites outperform 3D-printed PLA honeycombs in
compression strength and SEA, demonstrating their potential in lightweight, high-strength energy
absorption structures. Although their density is relatively higher than traditional CFRP,
thermoplastic, and aluminum honeycombs, their exceptional strength and SEA make them viable
candidates for energy absorption applications. Notably, DIW-printed cores show comparable
strength and higher SEA than 3D-printed CFRCHSs, highlighting their potential as an alternative

to continuous carbon fiber honeycomb cores.

4.4. Chapter Conclusion

This study investigated the out-of-plane compressive behavior and energy absorption
characteristics of honeycomb cores fabricated using short carbon fiber-reinforced epoxy composite
viscoelastic inks, formulated with print-ready rheological properties for DIW 3D printing.
Hexagonal, square, and triangular honeycomb cores with carbon fiber content ranging from 10—
40 wt.% were successfully printed. The study also assessed shape fidelity, surface roughness, print-
induced fiber alignment, and fiber-matrix bonding to evaluate print quality. Comparisons with
existing literature on 3D-printed neat thermoplastic and continuous fiber-reinforced PLA
honeycombs demonstrated that engineered inks (11-14) and the DIW technique enabled superior

print quality, customizable geometries, and tailored infill configurations (30% and 40%).
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Out-of-plane compression tests revealed performance trends based on base material, infill level,
and geometric design. Hexagonal, square, and triangular cores fabricated with 1314 exhibited
comparable or lower initial and progressive compressive forces than 11-12 cores due to voids.
Square and hexagonal cores showed higher crushing forces and strengths than triangular cores due
to their more stable geometric configurations. Increased infill enhanced the energy absorption
capacity of all honeycomb cores. Crashworthiness analysis indicated that EA increased with infill
from 30% to 40%, while hexagonal, square, and triangular cores exhibited comparable strength,
SEA, and CFE to literature values. These results highlight the potential of DIW-printed fiber-
reinforced composite honeycomb cores for lightweight, high-performance energy absorption

applications in industries such as automotive, aerospace, maritime, construction, and sports.
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Chapter 5: Experimental Investigation and Characterization of 3D-Printed
Short Carbon Fiber-Reinforced Epoxy Composite Sandwich Structures with

Tailored Core Geometries

5.1. Introduction

Sandwich structures, a class of laminated composites, consist of two thin, high-strength face sheets
separated by a lightweight periodic honeycomb or foam core. This configuration enhances shear
stiffness, increases the moment of inertia, and significantly improves bending stiffness without
adding substantial weight. Owing to their superior performance over conventional monolithic
materials, sandwich structures are widely used in aerospace, automotive, naval, biomedical, civil,
and sporting industries. Their advantages include high specific stiffness [91, 132] and strength
[32], effective energy dissipation [133], microwave absorption [134], thermal insulation [135],
noise reduction, and active cooling [136]. Inspired by natural structures such as bird wings, plant
stems, and the human skull, researchers continue to develop bioinspired cellular composites that

exhibit superior mechanical properties compared to their natural counterparts [10, 137].

The mechanical performance of sandwich structures is influenced by several factors, including
core geometry [13, 138], cell dimensions [8, 13], wall thickness [8], and anisotropic properties [9].
The choice of materials, ranging from metals [17, 138] and ceramics [108] to polymers [109] and
composites [8, 11], further determines their structural behavior. Among these, fiber-reinforced
composites (FRCs) are particularly attractive due to their lightweight nature, tunable mechanical

properties, and greater design flexibility compared to metallic counterparts.
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Traditional fabrication techniques for fiber-reinforced sandwich structures, such as hot press
molding [9], vacuum-assisted molding [11], filament winding [139], and tailor-folding [35], often
involve complex molds, adhesives, and multi-step curing processes. These methods are labor-
intensive, costly, and limit design flexibility. While advanced techniques like vacuum-assisted
resin infusion (VARI) and continuous fiber prepregs improve mechanical performance, they
remain constrained by mold-based designs, which restrict geometric complexity and increase

manufacturing expenses.

Additive manufacturing (AM) presents a promising alternative, offering design freedom, enhanced
customization, and the ability to fabricate complex geometries through layer-by-layer material
deposition. Key AM techniques include fused filament fabrication (FFF) [74, 140], selective laser
sintering (SLS) [141], stereolithography (SLA) [142], and direct ink writing (DIW) [10, 55].
Among these, DIW of thermosetting epoxy composites reinforced with discontinuous fibers offers
a highly efficient approach for fabricating advanced sandwich structures. Unlike continuous fiber-
reinforced AM methods, which often suffer from fiber misalignment, interfacial weaknesses, and
geometric limitations [13, 86], DIW enables the fabrication of self-supporting structures with

optimized viscoelastic inks.

DIW relies on specially formulated inks composed of thermoset polymers, discontinuous fillers,
and rheological modifiers. These inks exhibit shear thinning and yield stress behavior, ensuring
printability and structural integrity. Additionally, incorporating nanofillers such as carbon
nanotubes and graphene can enhance composite performance. However, challenges remain,
including edge smoothing [143], print imperfections [10], nozzle clogging [144], and limited fiber

content [10, 85] for mechanical efficiency.
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This study addresses these challenges by utilizing four epoxy-based viscoelastic inks (chapter 2)
with varying carbon fiber (10-40 wt.%) and silica (6-2.75 wt.%) concentrations to produce
lightweight, high-strength sandwich structures with controlled filler alignment. Bioinspired
honeycomb core designs were printed with customized print paths to maximize shape fidelity and
minimize material waste. The mechanical performance of the fabricated structures was evaluated
through three-point bending tests, with results compared against theoretical models. The DIW-
fabricated sandwich structures demonstrated superior or comparable performance to conventional
counterparts, underscoring the potential of DIW for scalable, automated manufacturing of

advanced composite sandwich structures.

5.2. Experimental Section

5.2.1. DIW Printing of Sandwich Structures

To validate the scalability and practical application of the DIW-printable composite inks, sandwich
structures with closed-cell core topologies, consisting of interconnected networks of repeated 2D
unit cells, were fabricated as benchmarks. Figure 5.1 (a) — (f) presents optical images of sandwich
structures with various core geometries and cured specimens. These images confirm that DIW
enables accurate fabrication of diverse core shapes, including straight-edged rectangular cores,
angled triangular cores, and hybrid corrugated core designs. Notably, all structures retained their
intended shapes without sagging or deviations from the digital models.

These structures exhibit increased porosity and reduced density compared to their base materials,
with core cell geometries and corrugation patterns significantly influencing deformation and

structural performance. The number of unit cell layers directly impacts core height, affecting
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moment of inertia (MOI), stability, shear, compression, and bending response [12]. Thus, the

printable inks (chapter 2), cell geometry, and core height were considered key design variables.

(@ 1L-C-11/12/13/14 (d) 21.-C-11/12/13/14

(b) 1L-T-11/12/13/14

(¢) 1L-R-11/12/13/14

(g) Triangular
y By

&
" 4

Rectangular

Figure 5. 1. Optical images of DIW-printed CFRECSSs with 11-14 having various layer and core

geometries: (a) IL-C-11/12/13/14, (b) IL-T-11/12/13/14, (c) IL-R-11/12/13/14, (d) 2L-C-11/12/13/14,
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(e) 2L-T-11/1213/14, (f) 2L-R-11/12/13/14, (g) unit cell schematics, (h) 2L beam geometry. () -

(h) Schematics depict the geometric parameters of the unit cell and CFRECSSs.

The DIW-fabricated sandwich structures featured three core configurations based on repeated unit
cells, as shown in figure 5.1 (g). The single-layer (1L) configurations were designed with
corrugated (C), triangular (T), and rectangular (R) unit cells, while the two-layer (2L)
configurations consisted of two identical unit cells arranged side by side, as illustrated with
triangular cores in figure 5.1 (h). Consequently, six sandwich structure designs were fabricated
using each ink formulation. These conventional honeycomb configurations were selected for their
lightweight and high specific stiffness/strength properties. The use of standard geometric patterns
in DIW fabrication facilitates direct comparisons with prior studies in terms of print path design,
printability, shape fidelity, surface roughness, and mechanical performance, highlighting the
advantages of this approach.

The figure 5.1 () illustrates the geometric parameters of the unit cell of different cores, detailing
parameters such as L1 and L. for horizontal and inclined/vertical strut lengths respectively, along
with tc for core thickness and 0 representing the angle of the inclined strut. Similarly, the
dimensions of the sandwich structure block are outlined using length (a), width (b), and height (d),
depicted in the figure 5.1 (h). Additionally, parameters such as height of core (hc) and face sheet
thickness (tf), are also presented in the figure 5.1 (g). The nominal density (p;,) of the sandwich
structures fabricated in this study was calculated based on the measured mass (m) and volume (V)
of each specimen, as indicated by the following equation (5.1). The density of the base material (

ps) was measured by the gas pycnometer AccuPyc Il 1340. Furthermore, a comprehensive
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overview of the geometric dimensions for all DIW printed CFRECSSs is provided in the table S5.1

(Supplementary Information 3).

Mass of the sandwich structure (m) (5 1)
Volume (a*bxd) '

Pn =

The CFRECSSs were classified by unit cell layers (1L, 2L), core geometries (R, T, C), and ink
type (11-14). For instance, "2L-C-11" denotes a DIW-printed, two-layer corrugated core using Ink
1. This study defined 24 groups (6 designs x 4 inks), with at least three specimens per group,
totaling a minimum of 72 printed samples.

Multi-stroke print paths were employed to fabricate all specimens in this study to seamlessly
integrate print and non-print movements, ensuring accurate ink deposition, enhanced print quality,
and reduced material waste. Unlike continuous fiber printing, DIW-printed layers maintained
precise alignment, avoiding path overlap and unintended ink extrusion during non-print moves—
effectively addressing common challenges in continuous fiber composite 3D printing [86, 87]. The
printing process was conducted with layer thicknesses of 0.41 mm and 0.58 mm, a printing speed
of 10 mm/min, and nozzle diameters of 0.41 mm for Inks 1 and 2, and 0.58 mm for Inks 3 and 4.
Each configuration was constructed through ten successive print passes using a bottom-up

approach.

5.2.2. Flexural Testing of the Sandwich Structures

Quasi-static three-point flexure tests were conducted to evaluate the mechanical properties of
CFRECSSs. Testing was performed under ambient conditions using a single-column Instron 3345

equipped with a 5 kN load cell and a three-point flexure test fixture. A span (L) of 60 mm and a
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loading rate of 1.0 mm/min were maintained, with load-displacement data recorded via Bluehill
software. Each sandwich structure variant was tested three times, totaling a minimum of 72
specimens. Flexural modulus (E), strength (o), and strain () were calculated using equations
(5.2), (5.3) and (5.4) following ASTM D790-10 standards. Specific flexural modulus and strength
were obtained by normalizing these values with the sandwich structure density (p;,). The peak load

was defined as the maximum load causing brittle fracture in the outer skin of the CFRECSSs.

_L’m
E=—2 (5.2)
_ 3PL
0= 7 (5.3)
g = o (5.4)

In the Equations (5.2), (5.3), and (5.4), E (GPa), c (MPa), & (mm/mm), D (mm), 6 (N/mm), and
P (N) denote the modulus of elasticity, flexural stress, flexural strain, maximum central deflection
of the beam, slope of the initial straight-line segment of the load-deflection curve (i.e., flexural
stiffness in a three-point flexure test), and the applied load at a given point on the load-deflection
curve, respectively. Anisotropic material properties of the base material such as stiffness and
strength were obtained experimentally from tensile testing. Table 5.1 summarizes tensile test
results for DIW specimens with longitudinal (L) and transverse (T) print paths fabricated as per

ASTM D638 Type V.
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Table 5. 1. Summary of tensile test results.

Specimen Tensile Stiffness Tensile Strength

name (GPa) (MPa)

11-L 1.08£0.15 62.75 + 1.55
11-T 0.88 £0.12 54.02 £2.32
12-L 1.66£0.12 73.57 £5.07
12-T 1.23+£0.11 57.47+2.24
13-L 2.00+£0.19 76.92 = 2.80
13-T 1.35+0.15 54.85+2.18
14-L 3.08+0.17 85.94 +3.73
14-T 1.74 £0.19 59.58 + 2.57

5.2.3 Numerical Simulation

To analyze the flexural behavior of the sandwich beam, a finite element analysis (FEA) was
performed using the commercial software ANSYS Mechanical. The sandwich configuration was
modeled utilizing eight-node solid elements, and after conducting mesh convergence tests, three
elements were generated across the width. Furthermore, a mesh convergence test was executed to

determine the suitable element size for the simulation model.

For the bending analysis, displacement loading was applied at the midpoint of the loading nose,
while the two supports at the base were fixed. Surface-to-surface contact was assumed to be
perfectly bonded between interacting surfaces, such as between the facesheets and core, and
between the loading nose/supports and facesheets, facilitating load transmission. Anisotropic
material properties such as stiffness and strength were obtained experimentally from tensile testing
were directly introduced into ANSYS to simulate the mechanical behavior of the sandwich

structure.
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5.2.4. Imaging

A Keyence VHX-7000 optical microscope was used to assess the surface roughness of the printed
sandwich structures. For qualitative fiber alignment analysis, printed specimens were embedded
in epoxy resin and polished with a Struers LaboPol 5 semi-automated polishing wheel using
progressively finer SiC grit papers ranging between 800-4000, sourced from Buehler and Allied.
Final polishing was done manually on an Allied MetPrep 8” wheel with Buehler Microcloth, using
glycol-based 3um and 1um diamond slurries, followed by a MasterMet 0.02um SiO> colloidal
silica solution. After polishing, the samples were sonicated in deionized water with degreaser,
ethanol, and methanol, then dried for 24 hours at 60°C to remove moisture before imaging with

the Keyence VHX-7000 microscope.

5.3. Results and Discussions

5.3.1. Print Quality and Microstructure Assessment of DIW-Printed Sandwich Structures

Optical microscopy images of honeycomb cores printed using Inks 11-14 were captured at 20x
magnification using a Keyence VHX 7000 microscope to qualitatively assess print quality, as
shown in figure 5.2 (@) — (c). The qualitative analysis indicates superior print quality and
consistency across the different core structures. Additionally, optical microscopy was employed
to evaluate DIW-induced fiber alignment within the printed sandwich structures. Microstructural
analysis as shown in figure 5.2 (d)—(f) reveals distinct fiber alignment patterns in corrugated,
triangular, and rectangular beam configurations, highlighting the effectiveness of DIW in

controlling and engineering microstructure to enhance mechanical performance.
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Figure 5. 2. Optical microscopy images of DIW-printed geometries and print-induced fiber
alignment in CFRECSS: (a) - (c) honeycomb core profiles, and (d) - (f) DIW print-induced fiber

alignment showcasing microstructure tailoring. Red arrow showing the printing direction.
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Figure 5. 3. Surface roughness of DIW-printed CFRECSS: (a) - (d) surface height contour maps

and Sa values of composite sandwich skins fabricated using 11-14.

The surface texture of the sandwich structures' skin, printed with different inks, was analyzed post-
printing and curing. FFF-printed structures often exhibit poor surface quality, leading to defects
that can cause premature failure [93, 94, 145]. Therefore, surface roughness was a key parameter
for assessing print quality. Figures 5.3 (a) — (d) present contour diagrams of surface height captured
at 200x magpnification, illustrating the surface roughness of the skins fabricated using customizable
composite inks. The contour patterns appeared consistent across structures printed with Inks 1-4.

In this study, Sa (surface area-based roughness) was used instead of Ra (line-based roughness) for
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a more representative evaluation. The highest peaks and lowest valleys exhibited comparable Sa
values across all printed structures, as shown in figures 5.3 (a) — (d). However, the skin of
structures printed with Ink 1 had the lowest Sa value, indicating the smoothest surface, attributed

to the use of a 410 um nozzle and higher shear yield modulus, which enhanced print resolution.

The surface contour plots and Sa values were compared with published data for sandwich structures
printed with continuous fiber-reinforced thermoplastics and PLA. The Sa values, ranging from
15.65 to 24.72 pm, were comparable to those of CF-reinforced thermoplastics (19 + 2.6 um) [13]
and lower than PLA (32 = 5.2 um) [13] structures. Given the importance of surface roughness in
DIW-printed composite sandwich structures, these parameters were analyzed for their impact on
fabrication quality and mechanical performance. The findings demonstrated superior surface finish

of the DIW-printed CFRECSSs.

5.3.2. Three-Point Flexure Tests Characterization

Three-point flexure tests were conducted on CFRECSSs with single-layer (1L) and double-layer
(2L) core configurations (C, R, T) fabricated using inks 11 (10 wt.% carbon fiber) and 14 (40 wt.%
carbon fiber) to evaluate their mechanical properties. Figures 5.4 (a) — (d) present the load-
displacement and flexural stress-strain responses for each core geometry, ink type (11 and 14), and
layer configuration, showing consistent trends. Figure 5.4 (e) illustrates typical flexural
deformation of sandwich beams during testing. Similar responses and deformation patterns were

observed for CFRECSSs fabricated with inks 12 and 13, detailed in supplementary figure S5.1 (a)

- (.

As shown in figure 5.4 (a) — (d), all specimens exhibited brittle fracture upon reaching peak load,

which was used to compute flexural strength via equation (5.3). No yielding was observed at peak
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load. High-speed camera images revealed that fracture initiated as a tensile failure at the bottom
skin, propagating through the core to the upper skin, leading to a sharp drop in load-bearing
capacity (figure 5.4 (f)). Similar fracture patterns were observed in specimens printed with 11-13
(figure S5.1 (g) — (h)- supplementary information 3). Fracture locations often deviated laterally

from the loading point, likely due to the double-wall interface at the load application zone.
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Figure 5. 4. Three-point flexure test results of DIW-printed CFRECSSs. (a) - (b) Load-
displacement curves for 1L and 2L beams fabricated with inks 11 and 14. (c) - (d) Stress-strain
curves for 1L and 2L beams fabricated using inks 11 and 14. (e) Typical flexural deformation of

1L beams. Similar deformation responses were noted for other 1L and 2Lbeam specimens. (f)
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Typical brittle fractures at the skin (cyan) and core (orange) captured during testing of 2L beams.
Similar brittle fracture patterns were seen in both 1L and 2L beam specimens. Refer figure S5.1
(@) - (h) in the supplementary information 3 for responses, deformation, and fracture patterns of

1L and 2L beams fabricated using 13 and 14.

As depicted in figure 5.5 (a) — (b), all 2L beams exhibited significantly higher peak load-bearing
capacities than their 1L counterparts, attributed to the increased second moment of area. Among
all configurations, 2L-T-11/12/13/14 beams demonstrated the highest load-bearing performance.
For instance, the 2L-C-I1, 2L-R-I11, and 2L-T-11 beams exhibited peak load enhancements of

125%, 84%, and 149%, respectively, compared to 1L beams with the same ink.

Figures 5.5 (c) — (f) show that beams with identical core geometry and layer configurations
exhibited increasing flexural stiffness and modulus as fiber content increased from 11 (10 wt.%)
to 14 (40 wt.%). For example, 2L-T-14 beams exhibited 216% and 104% increases in flexural
stiffness and modulus, respectively, compared to 2L-T-I11 beams. All 2L beams showed superior
flexural stiffness over 1L beams due to their higher moment of inertia; for instance, 2L-C-14 beams
exhibited an 81% increase in flexural stiffness over 1L-C-14 beams. However, when normalized
for flexural modulus, 2L beams showed reduced performance compared to 1L beams, likely due
to increased nominal cross-sectional area, which, while enhancing load-bearing capacity, also

increased the unsupported span between the skin and core, reducing flexural modulus.
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Figure 5. 5. Mechanical properties of 1L and 2L DIW-printed CFRECSSs beams: (a) - (b) peak

load, (c) - (d) flexural stiffness, (e) - (f) flexural modulus, and (g) - (h) flexural strength.
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Flexural strength was influenced by design (span between skin and core), base material (fiber
content), and defects (voids/porosity). As shown in figure 5.5 (g) — (h), sandwich beams fabricated
with different inks (11-14) exhibited marginal strength variations due to a balance between
increased fiber content, which enhances strength, and voids in inks 13 and 14, which degrade
performance. A comparison of 1L and 2L beams revealed that 1L beams generally exhibited higher
flexural strength, attributed to increased density, reduced cross-sectional area, and smaller
unsupported spans, improving bending resistance. For instance, the 1L-C-14 beam showed a 33%
increase in flexural strength over its 2L-C-14 counterpart. Core geometry also influenced strength
due to density variations, voids, cross-sectional area differences, and bending resistance. Further
details on specific properties, including specific load, flexural stiffness, modulus, and strength, are

provided in figure S5.2 (supplementary information 3).
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Mises stress distribution and deformation trends of CFRECSSs beams, with stress values

presented in pascals (Pa).

The mechanical properties of CFRECSSs obtained from flexure tests were expected to be lower
than theoretical predictions due to the use of discontinuous fibers, unlike continuous fiber
composites. Thus, the DIW-printed sandwich structures were compared to CFRP sandwich
structures. The theoretical flexural modulus (E’) was computed using equation (5.5) [16], assuming

a low core modulus relative to the skin and a sufficiently large core-to-skin thickness ratio.

Esbt?— n Ecbhg. n Esbtf(hc+ tf)z N Esbtf(hc+ tf)z
6 12 2 2

E'l = (5.5)

In the equations provided, E' represents the flexural modulus, | denote the second moment of area,
Es and E are the moduli of the skin and core, respectively. Additionally, t, and h. represent the
thicknesses of the skin and core, while “b” denotes the beam width. The values of Eg were
determined from tensile tests as described in section 5.2.2. Based on the equation, the calculated
theoretical flexural modulus (E') of 1L and 2L CFRECSSs beams is presented in the figure 5.6 (a)
and (b). Upon analysis, E’ is consistently lower than the experimentally determined flexural
modulus of the CFRECSSs (figure 5.5 (e) — (f)), likely due to the contribution of the core's flexural
modulus, suggesting mechanically comparable to the existing CFRP sandwich structures. For the
theoretical flexural strength (c") calculated using the equation (5.6) [17], the maximum load

corresponds to the value at which skin fracture was observed during testing.

;M
o = bhet; (5.6)
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In the above Equation, M is the bending moment, and ¢’ is the theoretical flexural strength. The
theoretical strength values (figure 5.6 (c) — (d)) were 1.15 to 2.36 times higher than experimental
results, indicating reasonable agreement. Experimental strength reductions were attributed to voids
in the base material and defects in bonding between the skin and core, reducing structural integrity.
Additionally, finite element analysis, as illustrated in figure 5.6 (€) — (g), reveals similar stress
distributions, and deformation trends to those observed experimentally. Overall, DIW 3D printing
of CFRECSSs offers potential for novel core geometries with improved mechanical properties,

alongside benefits such as batch production and process automation.

5.3.3. Comparison of Competing Sandwich Structures

The material property charts in figure 5.7 (a) — (b) provide a comparative analysis of the
mechanical performance of 3D-printed CFRECSSs against various sandwich structures fabricated
using different methods and materials. These include 3D-printed continuous fiber-reinforced
composite trapezoidal corrugated sandwich structures (CFRCTCSs) [46], all-metallic hybrid-
cored sandwiches [146], 3D CFRP honeycomb beams [27], CFRP skin/aluminum core panels
[147], GFRP/wooden panels [148], 3D-printed meta-sandwiches [149], GFRP truss cores [150],
woven textile panels [151], 3D-printed lattice core beams [152], and GFRP skin/foam core

structures [153].
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Figure 5. 7. Comparison of three-point flexure (a) modulus and (b) strength between DIW-

printed CFRECSSs and other sandwich structures.

Figure 5.7 (a) compares the experimentally measured flexural modulus, showing that CFRECSSs
exhibit significantly higher values than 3D-printed CFRCTCSs, polymer meta-sandwich panels,
GFRP/wooden panels, woven textile panels, 3D-printed wooden lattice cores, GFRP truss cores,

and GFRP skin/foam cores, while being comparable to 3D CFRP and aluminum honeycomb cores.
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Figure 5.7 (b) presents the flexural strength comparison, indicating that CFRECSSs outperform
woven textile panels, GFRP truss cores, 3D CFRP honeycomb cores, aluminum honeycomb cores,
GFRP skin/foam cores, and 3D-printed wooden lattice cores. Additionally, CFRECSSs
demonstrate comparable flexural strength to conventional 3D-printed structures such as polymer
meta-sandwiches, CFRCTCSs, and GFRP/wooden panels. These results highlight the advantages
of DIW with multi-material viscoelastic composite inks in fabricating high-performance sandwich
structures. While all-metallic hybrid-cored structures exhibit higher flexural modulus and strength,

the lightweight nature of CFRECSSs makes them attractive for various applications.

5.4. Chapter Conclusion

This study successfully fabricated lightweight, high-strength carbon fiber-reinforced epoxy
composite sandwich structures (CFRECSSS) using the DIW printing process and viscoelastic inks
with tailored fiber content, enabling precise layer-by-layer deposition of complex core
geometries—including corrugated, rectangular, and triangular shapes—along with integrated top
and bottom skins, eliminating the need for adhesives or custom molds. Using a pneumatic printer
and inks with varying mechanical properties (I11-14) and core layers (1L—2L) resulted in prototypes
with exceptional surface quality, surpassing PLA and comparable to 3D-printed continuous carbon

fiber composites.

Three-point flexure tests on printed structures with different core shapes, inks, and layer

configurations led to the following conclusions:

e Increasing the core layer count from 1L to 2L enhances peak load-bearing capacity,

flexural stiffness, and specific flexural stiffness.
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e A transition from 1L to 2L reduces both flexural modulus and strength, including their

specific counterparts.

« Increasing base material properties (11-14) improves flexural stiffness, modulus, and their

specific values.

o Comparisons between experimental and analytical predictions show higher modulus values

and a reasonable correlation in flexural strength.

o CFRECSSs exhibit competitive flexural properties compared to other advanced sandwich

structures.

This research highlights the potential of DIW printing combined with engineered inks to fabricate
advanced composite sandwich structures with tailored mechanical properties, paving the way for

lightweight, high-performance applications.
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Chapter 6: Conclusion and Future Work

6.1. Conclusion

This study successfully developed and implemented a direct ink writing (DIW) 3D printing
approach for fabricating lightweight, high-strength short carbon fiber-reinforced epoxy composite
honeycomb cores and sandwich structures. By formulating viscoelastic inks with tailored
rheological properties and fiber content (10-40 wt.%), precise, mold-free fabrication of
bioinspired cellular architectures was achieved with superior print quality, shape fidelity, and
consistent fiber-matrix bonding. These DIW-printed structures exhibited enhanced mechanical
performance compared to conventional 3D-printed thermoplastics, continuous carbon fiber

composites, and metal-based cellular architectures.

In-plane compression testing demonstrated that compressive stiffness and strength improved with
increased infill density (30-50%), reduced cell size, customized core geometry, and enhanced base
material properties. Hexagonal cores exhibited superior mechanical and specific mechanical
properties compared to triangular and square cores. While all geometries aligned with scaling laws
for stiffness, hexagonal cores exceeded strength predictions, validating the effectiveness of DIW

printing in fabricating high-performance composite honeycombs.

Out-of-plane compression and crashworthiness testing revealed that increasing infill density
improved load-bearing capacity, with square cores exhibiting the highest energy absorption (EA).
Specific energy absorption (SEA) and crushing force efficiency (CFE) metrics demonstrated that
DIW-printed composite cores perform comparably to, or better than, conventional continuous

fiber, metal, and polymer-based structures. Despite minor void formation in higher fiber-content
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inks, DIW-enabled control over material deposition and geometry resulted in robust, crashworthy
structures suitable for lightweight impact-resistant applications in aerospace, automotive, and

structural engineering.

Three-point bending tests on DIW-printed sandwich structures showed that increasing core layers
(1L to 2L) significantly enhanced flexural stiffness and peak load-bearing capacity, although
flexural strength decreased. Core geometry variations influenced mechanical properties, with
engineered ink formulations further improving flexural modulus and specific flexural stiffness.
Experimental results aligned well with analytical predictions, demonstrating the viability of DIW-
printed carbon fiber-reinforced epoxy composite sandwich structures as high-performance

alternatives to conventional continuous fiber-reinforced thermoplastic composites.

Overall, this research highlights the potential of DIW and engineered viscoelastic inks for
producing advanced composite cellular and sandwich structures with tunable mechanical
properties. The ability to tailor geometry, material composition, and infill density offers a pathway
for designing next-generation lightweight, high-performance structural materials for aerospace,

automotive, maritime, and energy absorption applications.

6.2. Recommendations for Future Work

Future research should focus on enhancing the mechanical performance, scalability, and
multifunctionality of DIW-printed composite honeycomb and sandwich structures. While this
study demonstrated the potential of engineered viscoelastic inks and DIW printing for fabricating
lightweight, high-strength cellular architectures, several areas require further exploration. Key

recommendations for future work include:

e Advancing Ink Formulations
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o Investigate varying fiber-matrix compositions to improve mechanical properties.

o Explore the inclusion of nano-fillers (e.g., graphene, CNTs) to enhance strength,

toughness, and electrical conductivity.
« Enhancing Printing Techniques

o Implement multi-material DIW printing to create gradient or functionally graded

structures for tailored performance.

o Refine printing parameters (e.g., extrusion rate, layer height, curing conditions) to

minimize voids and defects.
e Expanding Mechanical Testing

o Conduct high-strain-rate impact and dynamic loading tests to evaluate crashworthiness

in real-world conditions.
o Perform fatigue and creep testing to assess long-term structural reliability.
« Exploring Structural and Design Improvements

o Develop hybrid core designs combining multiple geometric configurations for

improved strength-to-weight ratios.

o Create reconfigurable or adaptive cellular structures for tunable stiffness and energy

absorption.

o Integrate bioinspired hierarchical architectures to enhance load distribution and failure

resistance.
« Strengthening Numerical and Analytical Modeling

101



o Develop predictive models using FEA and homogenization techniques to refine core

design and material selection.

o Validate computational models with experimental results to improve accuracy in

performance prediction.
o Investigating Functional Applications and Scalability

o Assess large-scale manufacturing feasibility for aerospace and automotive

applications.

o Study thermal and acoustic insulation properties for multifunctional structural

applications.
o Explore sustainability aspects by incorporating recyclable or bio-based resin systems.

By addressing these areas, DIW-printed composite structures can be further developed for high-

performance applications in aerospace, automotive, and other engineering industries.
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Table S3.1. Geometric parameters of DIW printed honeycomb core configurations.

Supplementary Information 1

Specimens W T H h L 0 ts t S m p, P pr
mm mm mm mm mm deg Mm mm mm g glcc glcc
1-H-130 217 38 213 35 22 60 092 184 359 092 053 110 048
1-H-140 204 40 238 28 14 60 118 191 219 137 071 110 0.65
1-H-150 19.0 3.7 248 23 09 60 105 178 143 138 0.78 110 0.71
2-H-130 211 34 216 35 22 60 103 188 340 097 062 1.05 0.59
I2-H-140 203 36 238 28 14 60 103 178 220 121 0.70 1.05 0.67
I2-H-150 191 36 251 23 09 60 100 175 149 137 079 105 0.75
I3-H-130 219 34 218 35 22 60 113 208 339 1.00 0.61 0.89 0.69
I3-H-140 201 36 240 28 14 60 113 200 212 116 0.66 0.89 0.74
I3-H-150 194 36 253 23 09 60 111 183 146 130 0.74 0.89 0.83
14-H-130 212 46 222 35 22 60 139 251 299 132 0.62 0.92 0.67
14-H-140 199 44 241 28 14 60 128 223 189 144 0.69 092 0.75
4-H-150 193 43 253 23 09 60 112 186 138 147 0.71 092 0.77
11-T-130 214 36 202 -- 102 60 087 -- 7.72 048 031 110 0.28
11-T-140 187 36 214 - 69 60 077 -- 498 056 0.39 1.10 0.35
1-T-I50 181 36 233 - 55 60 075 -- 383 0.66 044 1.10 0.40
2-T-1I30 209 31 205 - 102 60 120 -- 753 046 0.34 105 0.33
2-T-140 182 33 219 - 69 60 105 -- 488 059 045 105 042
2-T-I50 179 34 234 - 55 60 082 -- 392 061 043 105 041
I3-T-130 208 34 206 -- 102 60 113 -- 745 046 0.31 0.89 0.35
I3-T-140 183 34 218 - 69 60 111 -- 478 058 042 0.89 047
I3-T-1I50 175 35 238 - 55 60 106 -- 366 0.74 050 0.89 0.57
14-T-1I30 208 40 211 - 102 60 131 -- 6.95 0.64 0.37 0.92 0.40
14-T-140 179 41 223 - 69 60 133 -- 429 0.80 049 092 053
14-T-1I50 174 40 241 - 55 60 116 -- 337 088 052 092 0.57
[1-S-130 213 36 244 53 53 90 1.09 197 497 095 050 110 0.45
11-S-140 226 38 270 40 40 90 1.23 193 367 135 058 110 0.53
[1-S-150 192 36 219 32 32 90 116 183 294 097 064 110 0.58
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12-S-130 212 35 244 53 53 90 1.18 198 496 091 051 105 0.48
12-S-140 228 34 269 40 40 9 1.00 1.78 382 112 055 105 0.52
[2-S-150 195 34 222 32 32 90 1.13 186 294 097 065 105 0.62
13-S-130 212 34 243 53 53 90 105 185 515 0.75 043 0.89 0.49
13-S-140 226 36 270 40 40 90 114 190 3.74 113 051 0.89 0.57
I3-S-150 193 36 221 32 32 90 105 176 3.11 0.84 055 0.89 0.62
14-S-130 206 43 249 53 53 90 163 259 441 110 050 092 054
14-S-140 222 44 277 40 40 90 185 265 301 166 0.62 092 0.67
14-S-150 188 45 228 32 32 90 160 251 250 133 0.69 092 0.75
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Figure S3.1 In-plane compressive stress-strain curves for (a) triangular, (b) hexagonal, and (c)

square honeycomb cores fabricated with 11-13.
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Supplementary Information 2

Table S4.1. Geometric parameters of DIW printed fiber-reinforced epoxy composite honeycomb

cores.

Specimen w H h L 0 u L S m ph ps  pr
s glc  glc

mm mm mm mm Mm deg mm mm mm ¢ C C --
I1-H-130 217 174 39 35 22 600 09 17 37 07 04 11 04
1-H-140 203 196 39 28 14 600 09 17 25 09 06 11 05
12-H-130 217 173 41 35 22 600 11 20 35 08 05 11 05
2-H-140 204 200 38 28 14 600 12 21 24 10 06 11 06
I3-H-130 212 167 48 35 22 600 13 22 32 08 05 09 05
I3-H-140 201 196 41 28 14 600 12 21 20 10 06 09 07
14-H-130 208 164 45 35 22 600 13 23 32 08 05 09 06
14-H-140 195 183 41 28 14 600 14 22 19 09 06 09 07
11-S-130 224 215 39 53 53 9.0 18 09 54 07 04 11 04
11-S-140 251 228 41 40 40 90 21 12 37 13 06 11 05
12-S-130 205 219 37 53 53 90 11 11 74 06 03 11 03
12-S-140 217 190 36 40 40 90 10 10 47 06 04 11 04
13-S-130 212 207 45 53 53 9.0 21 14 47 09 04 09 05
13-S-140 241 225 47 40 40 90 24 16 33 14 05 09 06
14-S-130 210 211 40 53 53 900 15 15 74 07 04 09 04
14-S-140 220 177 41 40 40 9.0 13 12 48 08 05 09 05
I1-T-130 200 212 37 - 102 600 08 - 80 04 03 11 03
11-T-140 212 191 33 - 69 600 08 - 52 05 03 11 03
I2-T-130 205 219 37 - 102 600 11 - 74 06 03 11 03
2-T-140 217 190 36 - 69 600 10 - 47 06 04 11 04
I3-T-1I30 200 209 41 - 102 600 11 - 81 05 03 09 03
I3-T-140 220 184 43 - 69 600 13 - 48 08 05 09 05
14-T-130 210 211 40 - 102 600 15 - 74 07 04 09 04
14-T-140 220 177 41 -- 69 600 13 - 48 08 05 09 05

10mm

10mm

Figure S4.1. Honeycomb core composite specimens post out-of-plane compression testing: (a)

hexagonal, (b) square, (c) triangular.
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Figure S4.2. Microstructure showing voids in honeycomb core composite cell wall fabricated

using 14.
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Supplementary Information 3

Table S5.1. Geometric parameters of DIW-printed CFRECSSs with various core geometries and

layers.
Specimens  a b d L. L 0 tr tc he m Ph Ps pr
mm mm mm mm mm deg mm mm mm g glcc glcc
IL-C-11 9022 378 584 508 185 60.00 103 1.06 3.78 115 058 1.10 0.53
IL-T-I11 90.09 3.80 5.65 - 426 6000 114 113 338 141 0.72 110 0.66
11-R-11 9244 351 598 650 3.20 90.00 1.18 120 3.62 120 0.62 1.10 0.56
2L-C-I1 9505 330 987 508 185 6000 1.12 114 7.63 149 048 110 0.44
2L-T-11 9010 3.74 9.89 - 426 6000 082 087 824 205 061 110 0.56
2L-R-11 9401 396 993 650 3.20 90.00 1.15 116 7.64 193 052 1.10 0.48
IL-C-12 90.72 4.04 6.27 508 185 60.00 123 126 381 146 0.63 1.05 0.60
IL-T-12 90.05 3.33 5.57 - 426 6000 095 090 368 1.06 0.64 1.05 0.60
IL-R-12 9272 334 6.28 650 320 90.00 125 122 377 130 066 1.05 0.63
2L-C-12 9522 378 1004 508 185 60.00 1.15 117 7.73 186 051 1.05 0.49
2L-T-12 9049 3.63 1025 - 426 6000 1.00 102 824 226 0.67 105 0.64
2L-R-12 9413 354 998 650 320 90.00 1.11 113 7.77 178 053 1.05 0.1
IL-C-1I3 9091 420 6.74 508 185 6000 129 125 417 154 060 0.89 0.67
IL-T-1I3 9035 4.10 6.12 - 426 6000 118 123 376 165 0.73 0.89 0.81
I1-R-I3 9317 402 658 650 320 9000 126 129 4.07 156 0.63 0.89 0.71
2L-C-I3 9565 421 1053 5.08 1.85 6000 124 126 804 236 055 0.89 0.62
2L-T-I3 9087 442 1049 - 426 60.00 121 128 807 283 0.67 0.89 0.76
2L-R-I3 9446 439 1017 650 3.20 90.00 124 126 7.69 227 054 0.89 0.60
IL-C-14 90.76 421 645 508 185 60.00 123 126 398 147 060 0.92 0.65
IL-T-14 90.10 420 6.34 - 426 6000 1.19 121 397 165 0.69 0.92 0.75
11-R-14 9285 4.07 644 650 3.20 9000 125 126 395 148 0.61 092 0.66
2L-C-14 9525 435 1029 508 185 6000 1.26 123 7.77 210 049 092 054
2L-T-14 90.74 457 1043 - 426 6000 116 122 811 3.02 0.70 092 0.76
2L-R-14 9425 457 10.08 650 3.20 90.00 1.15 118 7.77 214 049 092 054
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Figure S5.1. Three-point flexure test of DIW-printed CFRECSSs: (a) - (b) Load-displacement for
1L and 2L beams with 12 and 13. (c) - (d) Stress-strain for 1L and 2L beams with 12 and 13. (e) -
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(F) Flexural deformation of 1L beams (rectangular and triangular core). (g) - (h) Brittle fractures

in 2L beams (skin: cyan, core: orange).
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Figure S5.2. Specific mechanical properties of 1L and 2L DIW-printed CFRECSSs beams: (a)-
(b) specific load, (c)-(d) specific flexural stiffness, (e)-(f) specific flexural modulus, and (g)-(h)

specific flexural strength.

All 2L beams demonstrated superior specific load-carrying capacity compared to the 1L variants
due to enhanced sectional properties, as depicted in figure S5.2 (a) — (b). Additionally, both 1L
and 2L beams with corrugated cores, fabricated using inks 11-14, showed improved specific load
capacity trend compared to triangular and rectangular cores, likely due to their reduced mass.
Conversely, as observed in figure S5.2 (a) — (b), 1L and 2L beams with triangular cores exhibited
either lower specific load capacities than those with corrugated cores (1L-C, and 2L-C), potentially

due to their higher mass, as detailed in table S1.

As shown in figure S5.2 (c) — (f), sandwich beams with the same core geometry and layers (1L,
2L) but different inks (11-14) exhibited progressive increases in specific flexural stiffness and
modulus. For example, 2L-T-14 beams showed 105% and 78% increases in specific stiffness and
modulus over 2L-T-I1. All 2L configurations outperformed 1L beams in specific stiffness, likely
due to their higher second moment of area. For instance, 2L-C-14 beams had 30% higher specific
stiffness than their 1L counterparts. However, 2L beams showed reduced specific modulus
compared to 1L beams, due to larger unsupported spans in corrugated/rectangular cores and
increased line contact in triangular cores. As depicted in figure S5.2 (g) — (h), the 2L-C
configurations exhibit higher specific flexural strength compared to 2L-R and 2L-T structures,
suggesting greater density and/or mass of the rectangular and triangular core sandwich beams.
Similarly, the 2L-C-14 and 2L-R-14 structures demonstrated superior specific strength relative to

2L-C-11/12 and 2L- R-11/12, due to increased fiber content that enhanced load-bearing capacity
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while maintaining nearly constant density due to the presence of porosity in 14. Figure S5.2 (g)
exhibits comparable trends for 1L-C-14 and 1L-R-14 beams. In general, sandwich structures with
triangular cores, whether 1L or 2L, fabricated using inks I11-14, exhibit higher densities (table S5.1)
compared to their rectangular and corrugated counterparts, indicating a heavier build. However,
as depicted in figure S5.2 (g) — (h), 1L sandwich structures generally demonstrate higher specific
flexural strength compared to 2L variants, likely due to the increased flexure resistance. Sandwich
structures with identical base materials (I11-14) and layer configurations (1L or 2L) but different
core geometries exhibited mixed specific flexural strength, influenced by density variation, voids,

cross-sectional differences, and bending stiffness.
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