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Abstract: In this paper, a new process of joining additive manufactured (AM) lattice structures and
carbon fiber-reinforced plastics (CFRPs) to manufacture hybrid lattice sandwich structures without
secondary bonding is investigated. Multiple variations of lattice structures are designed and 3D
printed using Digital Light Synthesis (DLS) and a two-stage (B-stage) epoxy resin system. The resulting
lattice structures are only partially cured and subsequently thermally co-cured with pre-impregnated
carbon fiber reinforcement. The mechanical properties of the additive manufactured lattice structures
are characterized by compressive tests. Furthermore, the mechanical properties of hybrid lattice
sandwich structures are assessed by flexural beam testing. From compressive testing of the additive
manufactured lattice structures, high specific strength can be ascertained. The mechanical behavior
shows these lattice structures to be suitable for use as sandwich core materials. Flexural beam testing
of hybrid lattice sandwich structures shows high strength and stiffness. Furthermore, the strength of
the co-cured bond interface is high enough to surpass the strength of the lattice core.

Keywords: composite materials; composite structures; additive manufacturing; experimental studies;
polymer composites; digital light synthesis

1. Introduction

An enduring challenge in modern mechanical engineering is the design of lightweight components
which are strong and highly integrated, meaning they fulfill several tasks. While currently most
prevalent within the aerospace industry, more fields are now demanding materials and processes
capable of fulfilling these requirements [1]. Particularly within the automotive industry, lightweight
design is a key technology to meet stricter emission regulations, and to balance the shortcomings of
today’s alternative drive systems [2,3].

One common approach to these challenges is the use of composite sandwich structures.
Such structures are made up of a low-density core and facesheets manufactured from high specific
strength fiber-reinforced polymers (FRP). Foam cores, honeycombs, or folded cores are the most
commonly used [4]. The elements of sandwich structures fulfill specific roles in typical bending
applications. The facesheets can be subjected to either compression or tension loads, depending on
which surface of the load they are located [5]. The core fulfills two primary roles. One, it spaces out the
facesheets, thus increasing the second moment of area, which leads to increasing rigidity [6]. Due to
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the low density of the core material, this is accompanied by only a slight increase in mass. The core’s
second role is to carry the shear loads occurring under bending [6].

Overall, sandwich structures combine light weight and high mechanical properties. However,
the design freedom of sandwich structures is limited, and manufacturing can be cumbersome.
Furthermore, the integration of additional features, as well as the joining and assembly of sandwich
structures, are significant constraints in traditional methods [6,7].

Emerging additive manufacturing (AM) technology allows for a potential solution, with nearly
unrestricted design freedom and customization [8,9]. As such, geometries which were formerly
impossible to manufacture are now moving into the focus of research [10,11]. One example of a
geometrically complex design are lattice structures. These combine highly customizable geometry and
low overall weight [12-14]. Thus, the utilization of additive manufactured lattice structures as core
materials for sandwich structures can serve as an alternative for more traditional lightweight design
strategies [10,15-17].

Lattice structures are an arrayed network of struts, which are connected at nodal points, and are
made up of basic geometrical structures. These so-called “unit cells” are periodically or stochastically
repeated in the desired directions of space. Frequently used types of unit cells are geometric primitives,
as shown in Figure 1a, or surface-based geometries, as shown in Figure 1b. Figure 1c shows a lattice
structure built up by a repetition of geometric primitives. In the examples shown, a simple geometry is
chosen. However, arbitrarily complex geometries can be filled using unit cell-based lattice structures,
enabling a multitude of design applications [11,13,14].

(a) Geometric Primitive (b) Surface Based (c) Structure based on FCC Unit Cell Pattern

Figure 1. (a) Geometric primitives and (b) surface-based unit cells used in the generation of (c)

lattice structures.

The properties of lattice structures are determined by three main factors: material, geometry,
and relative density. While the material defines the basic properties, topology and geometric design
influence the behavioral characteristic of the lattice. The relative density is the ratio of the density of
the lattice structure, g, compared to the density of the solid, gs. It corresponds the properties of the
lattice to the amount of void volume and thus characterizes the weight savings [11,13,14].

An important distinction for lattice structures is the differentiation in bending or stretch-dominated
mechanical behavior. Bending-dominated lattices show comparatively high compliance and energy
absorption, albeit at the cost of lower overall strength [14]. In contrast, stretch-dominated lattice
structures are exceptionally strong and stiff. This behavior is reflected in the compressive stress-strain
diagram shown in Figure 2 [14].

The stress-stain curves of a typical lattice structure can be divided into three segments. At low
strains, linear elastic compression (I) occurs. After the elastic limit is reached, a plateau of constant
stress is observed (II). In this domain, plastic deformation, buckling, and fracture of the lattice struts
occurs. Finally, it comes to densification of the collapsed lattice structure (III). This is characterized by
a sharp rise in stress, as formerly opposing unit cell walls come into contact.

Bending-dominated lattice structures show a transition between Segment I and II and a distinct
plateau of almost constant stress in Segment II (Figure 2a). This behavior makes them favorable in
applications in which high energy absorption is required. In contrast, stretch-dominated structures
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show a pronounced peak in Segment I followed by post-yield softening in Segment II (Figure 2b).
This indicates a high yield strength, with a high apparent stiffness. Due to these properties, such
structures can be used for the lightweight design, including load bearing components or sandwich
cores. Preceding work shows that the properties of sandwich structures can be greatly influenced
based on the design of the lattice core and its properties [10,11,13,14,18].
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Figure 2. Compression behavior of bending-dominated (a) and stretch-dominated (b) lattice structures

In order to evaluate whether a lattice structure is bending dominated or stretch dominated, the
Maxwell Stability Criterion and the associated Maxwell Number, M, are used. The Maxwell Number
takes into consideration the connectivity and degrees of freedom of a lattice system. Equation (1) gives
the formula for M for the three-dimensional case. In the formula, b is the number of struts and j the
number of joints of the lattice unit cell. For M < 0, the lattice system is bend dominated, also referred
to as under-stiff. In contrast, lattice structures are stretch dominated, or over-stiff, for M > 0 [14,18].

M=b-3j+6 1)

This paper proposes the adhesive-free combination of carbon fiber (CF)-reinforced prepregs
and additive manufactured lattice structures. For this purpose, a novel joining process is utilized.
The bonding process is based on the co-curing of chemically similar resin systems. The lattice structures
are manufactured using Digital Light Synthesis (DLS), an AM technique able to produce parts with
nearly isotropic properties [19]. DLS utilizes a dual-cure (B-stage) epoxy-based resin system. The resin
is 3D printed in the first stage using a UV-induced curing process [20,21]. As such, a geometrically
stable, but only partially cured part is produced. In the second stage, the partially cured 3D-printed part
is combined with CF epoxy prepreg and thermally co-cured using the chemical potential of both joining
partners to form a cohesive bond. The result is a new type of hybrid lattice-core composite structure.

In this study, the potential of hybrid lattice sandwich structures is investigated in two steps. First,
the mechanical properties of DLS-printed lattice structures are evaluated by compression tests. Second,
the properties of hybrid lattice sandwich structures are determined with flexural beam tests.

2. Experimental Methods

2.1. Materials

All lattice structures were 3D printed using the epoxy-based photopolymer resin EPX81, supplied
by Carbon, Inc (Redwood, CA, USA). EPX81 is a B-stage resin, and as such, the curing from an initially
liquid resin into a solid part is subdivided into two distinct and separate reactions. The first curing step
is a photo-polymerization reaction, initiated by UV radiation. This stage is used to solidify the resin
during printing, forming the solid structure part. The second stage of curing is thermally initiated, and
with the completion of this step, a full cure is reached. The strength and stiffness properties of fully
cured EPX81 are shown in Table 1. All parts were manufactured using a Carbon M1 printer [22-24].
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For the reinforcement material, EP4030-pre-impregnated carbon fiber, supplied by Mitsubishi
Chemical Carbon Fiber and Composites, Inc. (Irvine, CA, USA), is used. The prepreg is composed
of woven 34-700 carbon fibers embedded in an epoxy resin system. Table 1 shows the mechanical
properties of the cured EP4030 [25].

Table 1. Material properties of EPX81 and EP4030; mechanical properties are given in fiber direction [23,25].

Material Property EPX81 EP4030
Tensile Strength (MPa) 88 +3 2370
Tensile Modulus (GPa) 3140 + 105 146

Flexural Strength (MPa) 119 £ 21 1720
Flexural Modulus (MPa) 3250 + 45 140

2.2. Lattice Structure Design

A lattice structure was designed to be used as sandwich cores. For simplicity, only unit cell-based
lattice structures were considered. The lattice configurations were further reduced by only taking into
consideration equilateral, geometric primitive unit cells.

Unit cell geometries meeting these criteria are shown in Figure 3. Figure 3a—c show the base
configuration of Body-Centered Cubic (BCC), Face-Centered Cubic (FCC) and Cubic-Primitive (CP) unit
cells, respectively. The unit cells shown in Figure 3d,e are combinations of these base configurations.

(a) BCC (b) FCC (c) CP
Unit Cell Type
Maxwell Nr. -13 -12 -6
(d) BCC+CP (e) FCC+CP () BCC+FCC
Unit Cell Type
Maxwell Nr. -1 0 -7

Figure 3. Unit cell types considered for the lattice generation with the respective Maxwell
Number. (a) Body-Centered Cubic (BCC); (b) Face-Centered Cubic (FCC); (c) Cubic-Primitive
(CP); (d) Body-Centered Cubic combined with Cubic-Primitive (BCC+CP); (e) Face-Centered Cubic
combined with Cubic-Primitive (FCC+CP); (f) Body-Centered Cubic combined with Face-Centered
Cubic (BCC+FCCQC).

Sandwich structures with highly rigid mechanical properties were desired. Thus, in order to
complement the mechanical properties of the sandwich structures, a stretch-dominated, stiff lattice
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behavior is required. Consequently, only unit cells with a Maxwell Number M > 0 are suitable.
The basic unit cell structures, shown in Figure 3a—c exhibit under-stiff behavior and are excluded.
Similarly, the BCC+CP and BCC+FCC unit cells depicted in Figure 3d,f are excluded. Only the FCC+CP
unit cell satisfied the above stated condition, as shown in Figure 3e. Therefore, an FCC+CP unit cell
structure was chosen for all subsequent experimental investigations.

With the lattice design determined, two types of tests are performed: First, compressive testing
of 3D-printed lattice structures without the fiber reinforcement, and second flexural testing of fully
3D-printed lattice sandwich structures and CFRP hybrid lattice sandwich structures.

2.2.1. Compression Testing

Compression testing was conducted to determine the mechanical behavior and characteristics
of the 3D-printed lattice structure manufactured using DLS. Both of the investigated parameters,
unit cell size and strut diameter, impact the geometry and change the relative density, and thus specific
lattice characteristics.

Two cell edge lengths of 5 and 7.5 mm are used for the unit cell size in order to fit the specimen
dimension with a whole-numbered amount. The second parameter, strut diameter, uses three parameter
levels as shown in Table 2. The strut diameter for each unit cell size is selected based on the ratio of
these parameters. Similar ratios result in similar relative densities. The respective values and specimen
designations are shown in Table 2. The lattice structures are designed so that the ratios of diameter and
unit cell size match for both unit cell sizes, as to guarantee comparability. The ratios used provide a
balance between low relative density and supposed structural integrity. An intentional deviation from
this pattern is specimen designation 5-0.5. With a strut—unit cell ratio of 0.1, the parameter set is used
to estimate whether very low relative density lattice structures are possible.

Table 2. Specimen designation based on unit cell size and strut diameter as well as ratio of strut
diameter and unit cell size.

Specimen Designation Unit Cell Size (mm) Strut D&;ﬁ;ﬂer (ds) Ra:l? dofji::lge]ﬁl;?;zter
5-0.5 0.500 0.10
5-1.0 5 1.000 0.20
5-1.5 1.500 0.30
7.5-1.5 1.500 0.20
7.5-1.875 75 1.875 0.25
7.5-2.25 2.250 0.30

The mechanical properties of the lattice structures are determined by conducting uniaxial
compression tests in accordance to ASTM D1621 [26]. The specimen design stated in the standard
was adapted to match the unit cell-based lattice structure. Based on square specimens with a cubic
geometry, a design for each unit cell size was derived as depicted in Figure 4. For the 5-mm unit
cell-based lattices, a specimen with a cubic side length of 25 mm was used (Figure 4a). In the case
of a unit cell size of 7.5 mm, the specimen results in a side length of 22.5 mm, shown in Figure 4b.
These lengths refer to the strut middle axis. Furthermore, the respective testing speeds are shown in
Figure 4 [26]. As specified by ASTM D1621, the testing speed is equal to 10% of the specimen length.
Before testing, a preload of 10 N was applied. Testing was performed using an Instron universal testing
system 5930 series with a 30-kIN 2580 series static load cell. For each parameter set, five specimens
are tested.
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Figure 4. Schematic depiction of the (a) 5-mm unit cell, and (b) 7.5-mm unit cell compression test
specimen and the respective loading speeds. The strut diameter is designated as ds.

2.2.2. Flexural Beam Testing

An adapted three-point bending method based on ASTM D7249 was used. ASTM D7249 suggests
a rectangular specimen with a width of 75 mm and a length of 600 mm. These dimensions are not
compatible with the maximum build volume of the M1 printer (141 X 79 X 326 mm), so the specimen
was scaled down [27,28]. A depiction of a hybrid lattice sandwich specimen, its measurements,
and the testing set up are shown in Figure 5. The figure shows values referring to the strut middle
axis. The respective strut diameter has to be added to these fixed values in order to reach the true
measurements. Five layers of the CF prepreg reinforcement were used on the top and bottom surfaces
to form the facesheets.

Flexural testing was conducted to measure the mechanical properties of hybrid lattice sandwich
structures. Furthermore, the bonding quality between the 3D-printed lattice structure and CF prepreg
is assessed to determine whether or not it poses a structural weakness. For this, hybrid bending
specimens with different strut diameters were manufactured and tested under flexural bending
following ASTM D7249.

Using results from the compression experiments, only the strut diameter of the lattice structures
was varied. A 7.5-mm unit cell was chosen with strut diameters of 1.5, 1.875, and 2.25 mm. The unit
cell size guaranteed a whole-numbered amount of unit cells in the specimen. As a benchmark for the
hybrid lattice sandwich structures, the same flexural bending specimen geometry was tested without
the CF reinforcement. The resulting design of experiments is shown in Table 3.

Table 3. Specimen designation based on material and strut diameter.

Specimen Designation Face Sheet Material Strut D&:ﬁiter (ds) Ra:lf dolfjiﬁucte]ﬁlglir;zter
Hybrid 1.5 5 layers 1.500 0.20
Hybrid 1.875 CF prepreg 1.875 0.25
Hybrid 2.25 2.250 0.30
DLS 1.5 1.500 0.20
DLS 1.875 EXP81 1.875 0.25

DLS2.25 2.250 0.30
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Figure 5. Set up of three-point bending and measurements of test specimen in accordance to ASTM
D7249. The strut diameter is designated as ds.

In order to improve the bonding between the 3D-printed part and CF prepreg, a surface is added
to the top and bottom of the beam’s lattice core. The surface has a thickness of 0.2 mm to minimize
its impact on the mechanical properties of the lattice while offering more surface area for bonding.
The specimen was loaded with a constant testing speed of 1 mm/min. The same universal testing
machine was used as for the compression tests. For each CF-reinforced parameter set, three specimens
were tested, whereas four specimens are tested for each non-reinforced parameter set.

2.3. Manufacturing of Hybrid Lattice Sandwich Structures

The first step in the manufacturing process is the DLS printing process. For this, the manufacturer’s
recommended EPX81 profile is used, with a sliced layer thickness of 100 um. Compressive specimens
are oriented so that the bottom side is attached to the printers build stage. Flexural specimens are
oriented lengthwise with the long side edge being attached to the build stage. Finished parts are
removed from the build stage using a razor. Post processing of the printed parts consists of resin
removal through iterative part spinning in an immersion of cleaning solution.

The manufacturing of flexural specimen consists of the thermal B-stage co-curing of EPX81 and
the CF-Prepreg after the UV printing process. First, five uncured CF prepreg layers were stacked on
the top and bottom surface of the DLS-printed lattice core. Next, the finished layup was packed in a

vacuum bag and co-cured using the supplier recommended curing temperature profile for the EPX81
as shown in Figure 6 [24].
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Figure 6. EPX81 curing temperature cycle [24].
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After the completion of the curing cycle, the specimen was slowly cooled, demolded, and manually
cleaned. An overview of finished flexural beam specimens is given in Figure 7.

(a) Hybrid Lattice Sandwich Structures DLS Lattice Structures
Side
View
Top
View

Figure 7. Finished flexural beam specimens for (a) hybrid specimens and (b) Digital Light Synthesis
(DLS)-printed specimen.

3. Results

3.1. Mechanical Characterization of DLS Lattice Structures

The average maximum compressive stress of the DLS lattice structures reached before failure and
the average specific strength are shown in Figure 8a,b. The results are compared to the respective
parameter set. In order to compute the stress from the recorded compressive test data, the minimal
area of the specimen cross-section was used. The specific strength is the ratio of maximum strength
and lattice density and is used to normalize the strength in regard to the specimen mass. Error bars
indicate one standard deviation. No results for parameter set 5-0.5 can be presented, as the specimen
were severely damaged due to build plate adhesion forces when removing them from the build plate
after printing as shown in Figure 9.

Figure 8a shows that the highest compressive strength of 131 MPa is reached by parameter set
5.0-1.5. The second strongest parameter set, 7.5-2.25, reaches a compressive stress of 106 MPa. As such,
smaller unit cell sizes yield higher maximum stresses compared to larger unit cells at the same relative
density. This conclusion is further reinforced by the same trend when comparing parameter set 5.0-1.0
and 7.5-1.5.

This behavior can be explained by the higher number of unit cells the specimen consists of due
to the smaller unit cell sizes. This in turn leads to higher stress allocation, as more overall struts
are available. Furthermore, an increase in strut diameter is followed by an increase in maximum
compressive strength. The progression appears to be linear, with an average increase in compressive
strength by 17% based on a strut diameter increase of 0.5 mm. Finally, the low standard deviation for
each parameter set with regards to the maximum stress indicates high consistency of the mechanical
properties of DLS-printed lattice structures.

The specific strength of each parameter set was calculated, and the results are shown in Figure 8b.
The highest relative strength is reached by parameter set 5.0-1.0 with a value of 236 kNm/kg. The second
highest specific strength is observed for specimen with a unit cell size of 7.5 mm and a strut diameter
of 1.5 mm at 194 kNm/kg. We conclude that lattice structures with the lowest strut diameter to unit
cell size ratio and thus relative density show the highest specific strength. The findings confirm the
lightweight potential of these DLS-printed lattice structures.
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Figure 9. Example of damaged lattice in 5-0.5 DLS specimen.

3.2. Flexural Testing of Hybrid Lattice Sandwich Structure

Figure 10a shows the average maximum load at failure for each parameter set for both the DLS
lattice structures and hybrid lattice structures, with error bars indicating one standard deviation.
The hybrid lattices with the CF reinforcement and the DLS lattice structures without the CF reinforcement
fail at approximately the same maximum load. The highest loads are reached by hybrid parts with a
strut diameter of 2.25 mm, which fail at 7.2 kN. The DLS parts with a strut diameter of 2.25 mm fail at
a load of 6.9 kN, which is a difference within the range of one standard deviation. The failures occur in
the epoxy lattice structure, which implies that the strength of both specimen types is dictated by the
maximum strength of the epoxy lattice core.

A second observation is the linear relationship between strut diameter, and thus relative density,
and maximum load. This applies for both variations of the sandwich structures. The results follow
the observations made for the compression tests. Furthermore, both the hybrid lattices and standard
DLS lattice structures show brittle behavior and fail instantly upon reaching the maximum load.
This behavior confirms that stretch-dominated lattice structures are suitable for use in sandwich
structures where stiff and strong material behavior is required.

The results of the flexural beam tests were normalized by dividing them by the respective specimen
weight, shown in Figure 10b. Regarding the normalized loads, the values for the standard DLS lattice
structures are generally higher compared to the hybrid lattice structures with the CF reinforcement.
The highest normalized load is reached by the DLS specimen with a strut diameter of 2.25 mm at
a value of 101 kN/kg. This is followed by the hybrid specimen with a strut diameter of 2.25 mm at
97 kN/kg. While these two values do not significantly differ, a higher divergence is observed for lower
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strut diameters. An explanation for this result is a comparatively higher mass of hybrid specimens due
to the higher density of the CF facesheet layers.

(a) Maximum Load (b) Normalized Load
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Figure 10. Maximum load (a) and mass-normalized load (b) before failure during flexural beam test.

The mode of failure for the DLS lattice structures and the hybrid lattice sandwich structures is
shown in Figure 11a,b, respectively. For the standard lattices, a change in the angle of the failure can be
observed. While the angle of fracture of a strut diameter of 1.5 mm is approximately 30°, at 1.875 mm,
the angle is 50° and 90° for 2.25 mm. This indicates a shift in failure mode from shear to flexural
tensile failure with an increase in strut diameter. For all hybrid lattice sandwich structures, failure
occurs at an angle of 45° in the core region. This indicates core shear failure, as shown in Figure 11b.
The observation further reinforces the assessment of the lattice strength being the limiting factor for
the maximum load of hybrid lattice sandwich structures. In turn, the results confirm good bonding
strength between the DLS epoxy lattice core and CF reinforcement.

(a) Fully 3D Printed Sandwich Structures

1.875 mm

(b)  Hybrid Lattice Sandwich Strucutres

Shear Failure

Figure 11. Mode of failure for the DLS lattice structures (a) and hybrid sandwich structure (b).

The flexural stiffness determined by three-point bending is shown in Figure 12. It is evident that
the stiffness of hybrid structures is considerably higher than the stiffness of the standard DLS parts. The
maximum stiffness is reached by hybrid parts with a strut diameter of 2.25 mm at 4200 kN/m. The same
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lattice configuration for the DLS specimen only yields about half the stiffness at 2300 kIN/m. The high
stiffness further confirms the high potential for structural lightweight parts of hybrid 3D-printed epoxy
lattice core and CF-reinforced sandwich structures.
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Figure 12. Flexural stiffness of the DLS and hybrid lattice structures with CF reinforcement.
4. Conclusions

An FCC+CP unit cell topology was designed based on the requirements identified for sandwich
structures. Facilitating this lattice structure, compression specimens were designed and tested.
The topology proves to be stretch dominated and shows mechanical strength and stiffness sufficiently
high to be used as sandwich core structures at low relative densities. Higher strut diameters yield better
absolute mechanical properties at the cost of a higher relative density and total mass, as reflected by a
decrease in specific strength. Moreover, smaller unit cell sizes result in better mechanical properties
compared to larger unit cells. However, very low relative density lattice structures could not be
removed from the build plate without damage to the struts. Thus, such structures are not consistently
manufacturable. In conclusion, the lattice structures used in this study show a high structural efficiency
and can be applied to hybrid lattice sandwich structures.

Hybrid lattice sandwich structures are successfully manufactured using an adapted manufacturing
process. The mechanical behavior of these structures is evaluated and compared to the corresponding
geometries of the DLS-printed parts without CF reinforcement. It is shown that high strength and
stiffnesses can be reached by hybrid lattice sandwich structures, while maintaining low weight.
This makes such structures suitable for the application as lightweight structural components.
The bonding strength between the DLS lattice core and CF prepregs is suitable to sustain high
loads in bending. The overall strength of the hybrid parts is limited by the strength of the DLS epoxy
lattice structure, demonstrated by the similar load at failure of the hybrid part and the DLS part.
An optimization of the lattice topology could further improve the strength of these structures.

The overall conclusion of these experiments is that the co-curing of the 3D-printed epoxy parts
using DLS and CF prepreg reinforcement is possible. Furthermore, the manufacturing of hybrid
lattice sandwich structures is demonstrated. The resulting sandwich structures yield high mechanical
properties and light weight.

Future research can be conducted on improving the properties of the lattice sandwich core.
One approach could be the optimization of the sandwich lattice core by using proposed lattice designs
found to yield good mechanical properties, for example octet-truss lattices [29-31]. Another approach
is the optimization of lattice topology based on a given load case. The implementation of additional
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functions into the lattice core is also possible. Based on the high degree of freedom given by additive
manufacturing, this could include fluid channels, cable routing or foam pockets for insulation.
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