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Abstract: Sandwich panels are commonly used as structure, based on fiber reinforced composites,
with the goal of high flexural stiffness and low mass. It is most common to separate two high perfor-
mance composite facesheets with a low-density core, generally in the form of a foam or honeycomb.
A recent concept has been to replace these traditional core materials with fiber reinforced truss-like
structures, with the goal of further reducing mass. A system is described that can radically reduce
the amount of tooling required for truss core sandwich panel manufacture. This system, which is a
digital manufacturing platform for the extrusion of continuous fiber reinforced commingled glass
fiber/PET tow, was developed to demonstrate the rigidization of composites both on, and off, a
tool surface. Navtruss core panels were successfully manufactured using this digital manufacturing
platform, without conventional tooling, and the resulting through thickness compression moduli and
panel shear moduli were within 14.6% and 23% of the values baseline compression molded speci-
mens. Thus, the results suggest that, with further development, complex truss core structures with
performance approaching that of compression molded panels can be manufactured with radically
reduced tooling requirements from high volume fraction, continuous fiber reinforced thermoplastic
matrix composites.

Keywords: fiber reinforced composite; truss core; commingled tow; hybrid yarn; digital manufacture;
thermoplastic; additive manufacture

1. Introduction

Continuous fiber reinforced thermoplastic matrix composite materials, with high fiber
volume fractions, are of great interest in the area of structural composites due to potential
benefits, including material cost, manufacturability and recyclability. However, processing
fiber reinforced materials requires tooling to give form while the manufacturing process is
in-progress. During the manufacture of composite materials, the matrix material must be in
a state where it can flow freely to fully coat (wet out) the fiber reinforcement and form the
desired structural shape. Tooling is used to control the shape of the composite material until
the matrix becomes rigid. For thermoplastic matrix composites, with higher temperatures
and pressures often required for consolidation than those required for thermoset matrix
composites, tooling can become an even greater challenge.

Many applications of composite materials are dominated by the need for enhanced
flexural performance rather than simply by in-plane properties. In metallic structures the
generation of flexural performance is often addressed using T or I-beam section stiffeners
on the surface of a metal sheet. However, with the relatively thin laminates typically used
with composite materials, it is more common to utilize a lightweight continuous core which
offers more support to the thin composite facesheets. As such, sandwich panels created
with a composite laminate on each side of a lightweight core can require tooling of even
greater complexity.
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1.1. Sandwich Panels

Sandwich panels are often used to increase the flexural stiffness of a composite struc-
ture by increasing the area moment of inertia while not dramatically increasing the weight
of the structure. Composite sandwich panels gain flexural stiffness and retain low mass by
separating laminated composite facings with a lightweight core that resists the shear com-
ponent of the load. The bending moments are transferred from the facesheets to the core via
shear at the interface between the facesheet and the core implying that the core/facesheet
bond, in addition to the shear properties of the core itself, is an important aspect of the
structural performance of a sandwich structure.

A sandwich panel consists of 2 major subcomponents, the top and bottom composite
facings, or facesheets, and the core, as indicated in Figure 1. In practice, composite sandwich
panels also incorporate some form of edge closures, or closeouts, as well as hardpoints.
The properties of the composite facesheets do add to the bending stiffness but are not the
primary component responsible for the through-thickness compression or shear stiffness of
the sandwich panel. Increasing the core thickness increases the distance between the facings
increasing the moment of inertia and the resulting bending stiffness. Compression and
shear stiffnesses of a composite sandwich panel are primarily controlled by the core. Edge
closures are used to protect the core and, in certain cases, add to the stiffness of the sandwich
panel increasing the bending, compressive and shear stiffness [1]. In addition, edge closures
and hard points are used to transfer loads into, and out of, the sandwich structure.
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1.2. Truss Core Sandwich Panels

Truss, or lattice core structures have an advantage of a reduced material weight with a
strength and stiffness comparable to many foam and honeycomb cores. Therefore, using a
lattice structure as a core offers the potential of a reduced weight sandwich panel, while
still maintaining a high compression strength and flexural stiffness [2,3]. A lattice core used
in a sandwich panel replaces the typical honeycomb or foam core and can take advantage
of various truss geometries and material configurations. While the lattice structure can be
produced from a thin isotropic material [4], or even via additive manufacture of unrein-
forced or short fiber reinforced polymers [5], placing continuous fiber reinforcement within
the lattice of the core promises an increase in performance with a decrease in weight of
the resulting truss core sandwich panels. Lattice cores, also often described as corrugated
cores, can be created with the corrugations in a single direction, such as those that may be
pultruded from fiber reinforced composites for civil infrastructure applications [6]. How-
ever, bi-directional corrugated lattice cores, with continuous fiber reinforcement, result in
significantly greater manufacturing complexity. Such lattice cores have predefined shapes,
including, tetrahedral [7], kagome [8], pyramidal [9,10], and Navtruss [11].

The pyramidal core geometry has been manufactured with a 3D printing approach
and a continuous fiber reinforcement [12], waterjet cut and then manually assembled [13],
and compression molded with a complex set of tooling [14]. Two methods have been
used to bond the core to the facings, a mechanical interlocking method called buried node
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joining [10,13] and adhesive bonding [9,15]. Truss core sandwich panels manufactured with
the buried node techniques performed better than panels made with just adhesive bonded
joints due to a stronger joint at the truss core/facesheet interface but are more difficult to
manufacture. The surface area to bond the core to the facings for pyramidal truss cores
is relatively small, which can compromise the shear transfer between the facesheets and
the core. Thus, in terms of load transfer between the facesheets and the core, the Navtruss
geometry has a distinct advantage. Bi-directional Navtruss core structures are scalable,
as shown in Figure 2, and have been manufactured from carbon fiber reinforced epoxy
prepregs using complex corrugated tooling, then cut, woven and bonded to the facings [2].
The Navtruss cores produced for the current testing utilize a 2 strut core unit cell.
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An additional advantage of this form of manufacture is that the facesheets and truss
core can be made from the same material which simplifies the prospects of recycling as there
is no need to separate the core from the facesheets as is necessary for conventional sandwich
panels. To further facilitate recyclability, being able to produce such a truss core structure
from a thermoplastic matrix composite would be a major step forward. Thus, while
truss core sandwich panels can demonstrate significant increases in strength and stiffness
vs. weight, construction cost, especially for bi-directional lattice cores, becomes a major
consideration in the decision between honeycomb, foam, or truss cores, with honeycomb
and foam cores currently being significantly less expensive to manufacture. Reducing the
manufacturing complexity of truss core sandwich panels, especially from thermoplastic
matrix composites, could greatly impact all aspects of the composites industry by reducing
the weight and cost of sandwich panel structures, while improving the recyclability.

1.3. Direct Digital Manufacture of Continuous Fiber Reinforced Thermoplastic Composites

Current efforts are being made to use direct digital manufacturing techniques to
manufacture continuous fiber reinforced thermoplastic composites [16–19]. Continuous
fiber reinforced thermoplastic composites (CFRTC) offer enhanced recyclability to the user
of composite material structures, but the manufacturing costs of CFRTC are still substantial.
Numerous CFRTC manufacturing methods have been investigated, yet for the most part
these manufacturing techniques require the use of complex tooling for the realization of
continuous fiber reinforced composite structures. However, over the past decade several
approaches that combine concepts of extrusion-based 3D printing, such as fused filament
fabrication (FFF), and continuous fiber placement have been described. The current state of
commercial continuous fiber reinforced composite manufacturing with FFF are the MARK
TWO and MARK X from Markforged. These machines make use of a proprietary FFF
filament that is co-extruded with a small fraction (14% by volume) of continuous fiber
to add in-plane reinforcement to thermoplastic parts [20]. The addition of continuous
fiber reinforcement can substantially improve the strength and stiffness of the 3D printed
thermoplastic part [17,18,21].

While the use of extruded thermoplastic filament with small amounts of continuous
fiber can be beneficial in reinforcing a plastic 3D printed component, the low fiber vol-
ume fractions do not result in the performance expected from traditional fiber reinforced
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composite laminates. For the automation of manufacture of high fiber fraction laminates,
the use of robotic fiber placement systems [22] has been demonstrated. With a multi-axis
manufacturing machine, it is possible to place continuous fiber reinforced preimpregnated
(prepreg) materials on multiple faces of a defined tool geometry. Further, such systems
can place fiber along specified load paths, on the tool-defined surface, creating a tailored
composite structure that can better take advantage of the potential of a continuous fiber
reinforced composite. However, this approach limits the path control in-plane since the
prepreg tape cannot readily shear to enable steering [23].

To address these shortcomings, an approach using a commingled continuous fiber
feedstock has been described [24–26]. Commingled roving, or hybrid yarn, is a commer-
cially available raw material that consists of fibers of a reinforcement and of a thermoplastic
matrix material within the same tow. Commingled rovings are available with a variety of
different reinforcement fibers including, carbon and glass fibers, and different thermoplastic
matrix fibers such as Polyether ether ketone (PEEK), Nylon, and Polyethylene terephthalate
(PET). The reinforcing fiber volume fraction of the commingled material is predetermined
by the manufacturer but is generally in the range of 30% to 55%. Commingled feedstocks
offer benefits in terms of volume fraction control, wetout and consistency over methods
where the reinforcing fiber would flow through a separate heated low viscosity thermoplas-
tic matrix material in some form of mixer head [27,28]. Rather than maintaining a molten
source of the thermoplastic matrix material in a mixer head, the commingled feedstock
is locally heated to enable matrix flow just prior to placement and consolidation. During
processing of the commingled material tow shearing is possible because sliding of the
reinforcing fiber is not restricted as it would be with a premanufactured fiber filled filament,
or a prepreg tape [26]. When using a commingled roving the thermoplastic matrix does not
have to flow long distances to wet out the fibers, enabling more rapid rates of extrusion
and improving fiber wet out. Improved positional fidelity in thermoplastic commingled
tow steering on a tool surface has been accomplished through the application of controlled
cooling to rigidize the thermoplastic material in desired portions of a preprogrammed
path [26,29]. In conjunction with controlled cooling, efforts related to enhanced consolida-
tion on the tool surface have resulted in thermoplastic matrix composites with fiber volume
fractions greater than 50% and void fractions less than 3% without post processing [30].

As an alternative to using these automated approaches to creating continuous fiber
reinforced thermoplastics that are positioned and consolidated on essentially conventional
tooling, there have been a limited number of demonstrations of placing, and rigidizing,
composite strands in free space as an approach to reduce tooling requirements [31,32].
Those efforts utilized commingled feedstock, consolidated in a nozzle and cooled on exit,
to generate rigidized composite rods used to demonstrate bonded pyramidal trusses.

More recently, an approach combining automated placement and local programmed
cooling of commingled feedstock has demonstrated the potential to digitally manufacture
a complete pyramidal truss core panel using off-the-tool surface consolidation [33]. The
principal challenge of this approach is related to tow consolidation and void removal,
which must be accomplished as the tow exits the extrusion nozzle, without the aid of
pressure generated between the nozzle and a tool surface. The current effort focuses
on using prior developments as the basis for manufacturing Navtruss core sandwich
panels to demonstrate placement and rigidization of the commingled tow on, and off the
tool surface. This radically reduced tooling approach, as well as compression and shear
performance of the resulting truss core panels are compared to specimens manufactured
using more conventional compression molding of thermoplastic prepreg tapes. Thus, the
goal of this work is to demonstrate how a new approach to the manufacture of continuous
fiber reinforced thermoplastic composites, that can be applied to the construction of truss
core sandwich panels, can remove the tooling constraint that has previously limited the
manufacturing competitiveness of truss core structures.
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2. Experimentation

Experiments were developed to demonstrate the ability of direct digital manufacture
to produce high volume fraction continuous fiber composite structures using a combination
of tow placement on and off-the-tool surface. In addition to demonstrating the potential to
radically reduce the amount of tooling required to manufacture a Navtruss core sandwich
panel, specimens were produced to evaluate the compression and shear modulus. Corre-
sponding Navtruss core panels were fabricated from compression molded prepreg sheets
as a basis for performance comparison.

2.1. Materials

The composite constituent materials used in the manufacture of the evaluation Navtruss
panels were continuous E-glass fiber reinforcement and a Polyethylene terephthalate (PET)
matrix material. Two different forms of these materials were used as the feedstock for the
two different composite truss core panel manufacturing techniques employed, (i) commin-
gled tow and (ii) prepreg tape. The commingled tow was Compofil -PET-70-R-2690N from
Jushi [34] which has an E-glass fiber content, by volume, of approximately 55%. The prepreg
used was Polystrand 5843, unidirectional E-glass reinforced Polyethylene terephthalate
(PET) with nominally 43% reinforcement by volume [35]. When processed, differential
scanning calorimetry (DSC) indicated that the PET matrix materials were similar, showing
a glass transition temperature (Tg) of approximately 78 ◦C.

2.2. Digital Manufacture of Navtruss Test Panels: Equipment

A custom fabricated dual gantry automation platform, shown in Figure 3, was devel-
oped to create Continuous Fiber Reinforced Thermoplastic Composite (CFRTC) structures
using a commingled tow feedstock. The continuous fiber composite placement head is
mounted to the primary gantry, while an extruder, mounted to the second gantry, can be
used to 3D print neat thermoplastics using commercially available 3D printing filaments.
The ability to use both the continuous fiber commingled roving and filament-based print-
ing, in parallel, create a unique environment where tooling or support structures may be
placed with neat thermoplastic and where continuous fiber reinforced composites can be
manufactured with, and without, tooling.
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While the end effector used with the neat thermoplastic filament is a lightly modi-
fied commercial 3D printer hot-end, the commingled tow extruder is custom developed
and somewhat more complicated. This spring-loaded end effector, for consolidating
commingled tow feedstock on a tooling surface, has been described previously in the
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literature [30,36]. The use of this spring-loaded end effector allows improved control of the
consolidation force through a programmed compression of a spring of known spring con-
stant. During preliminary trials of off-the-tool placement and rigidization it was discovered
that further hardware development was necessary to increase the composite quality [33].
Reducing the nozzle diameter and increasing the length, as shown in Figure 4, allowed
access to tighter spaces, such as corners or between previously placed fiber as has been
discussed in relation to a 5-axis automation system and the positioning and consolidation
of the commingled tow on more complex tool surfaces [37].
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A computer-controlled cooling system was also developed to enable tight radius turns
on a tool surface through local forced air cooling. In addition to allowing the automated
manufacture of a fiber reinforced facesheet on the tooled surface, this ability to actuate the
cooling air flow and locally improve the adhesion to the prior material is invaluable in
the initiation of off-the-tool fiber paths. The spring-loaded extruder, extended nozzle and
air-cooling flow direction devices are seen in Figure 5.
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2.3. Digital Manufacture of Navtruss Test Panels: Overview

The direct digital manufacture of an individual Navtruss core panel starts with a fiber
reinforced facesheet placed and consolidated on the flat, heated, tool surface using the
custom commingled tow placement end effector. This is followed by the deposition of a
neat thermoplastic frame around the perimeter of the facesheet using the second gantry and
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the conventional 3D printer extruder. This thermoplastic frame serves the dual purpose
of a truss core manufacturing aid and as an edge closeout, in concept, both protecting
the truss core elements and enabling loads to be transferred in, and out, of the structural
panel. Commingled tow is then tacked in specified positions on the top of the edge closeout
and pulled across to a corresponding location on the opposite side. These tensioned tows
become a form of built-in scaffolding that improves the ability to make changes in direction
of the off-the-tool rigidized commingled tows that create the truss segments of the core.
The placement of the core can be broken down into 4 steps, continuous fiber reinforced
scaffolding in the ‘1’ direction, truss core in the ‘2’ direction, scaffolding in the ‘2’ direction
then truss core in the ‘1’ direction. Once the Navtruss core portion is complete, the top
facesheet is applied.

2.3.1. Bottom Facesheet Manufacturing

The bottom facesheet is a crossply laminate manufactured from commingled tow on
the tool surface. The process has been previously described [37]. The general approach
is repeated here for completeness. With the commingled tow properly adhered to the
substrate the composite placement head moves at 180 mm/min across the tool surface
placing and consolidating the CFRTC strand as it moves. Once the placement head travels
a distance equivalent to just more than the size of the required laminate (~160 mm in this
case) the cooling airflow is triggered by the program enabling a 180◦ turn to be executed to
begin the adjacent fiber path in the opposite direction. Once the placement head is moving
back across the tool surface the cooling air is turned off to improve consolidation. The
placement head then moves back and forth repeating the process until the first layer of the
bottom facesheet is complete. When the first layer is complete the composite placement
head starts placing the next lamina in a similar fashion but with a different fiber orientation,
as shown in Figure 6. During the placement of the second and the third lamina of the
composite facesheet, the composite strands are being placed directly onto the previous
continuous fiber reinforced/PET layer. The thermoplastic adheres to the previous layer
quickly and, when cooled, the bond is strong enough to withstand the tensioning force
within the nozzle and can be doubled back on itself, at the end of each pass. The bottom
face sheet has a 3-ply stacking sequence of [0/90/0]T.
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2.3.2. Edge Close-Out Manufacture

When the bottom face sheet is completed the fiber placement nozzle moves to a safe
location and the neat thermoplastic placement head begins to print the edge closeout. The
edge closeout is manufactured using a traditional FFF additive manufacturing approach,
being built up layer by layer, resulting in the red edge closeout shown in Figure 7.
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Figure 7. Outer Edge Closure 3D Printed on the Lower Fiber Reinforced Facesheet.

After the neat thermoplastic PETG edge closure is manufactured, the bed is cooled to
room temperature and the gantry for printing the neat thermoplastic is moved to a safe
location for the remainder of the processing of the truss core sandwich panel. The composite
placement gantry is activated and starts the digital manufacture of the Navtruss core.

2.3.3. Continuous Fiber Reinforced Thermoplastic Navtruss Core Manufacturing

One significant challenge in off-the-tool commingled tow positioning and rigidization
is the issue of direction changes in free space. Even though the tow is rigidized as it exits
the nozzle, the tension required to pull tow through the nozzle is great enough to flex the
rigidized tow, losing positional fidelity. To counter this, commingled tow is tacked to one
side of the edge closure and rigidized as it is pulled through the air to the opposite side
of the edge closure where it is tacked in place. This rigidized, tensioned tow becomes
integral scaffolding which allows direction changes of the truss core to be more accurately
accomplished. The pattern of this scaffolding is dependent upon the type of truss core
being created [33]. For the Navtruss core used in this effort, the first set of scaffold tows are
positioned in parallel pairs, 10 mm apart and separated from the next pair by 30 mm, as
shown in Figure 8.
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Figure 8. Composite Scaffolding in ‘1’ Direction.

The continuous fiber reinforced scaffolds in the ‘1’ direction must span the 120 mm
between the two sides of the 10 mm high edge closure. To generate sufficient stiffness over
this free span, four (4) fully processed strands of commingled tow are positioned on top of
one another to create each scaffold. This minimizes the scaffold deflection that might be
introduced as the tensioned commingled tow moves in the programmed motion necessary
to create the truss segments.

The generation of the truss core geometry requires point to point manufacture, from
the lifting point at which the tow leaves the facesheet/tool surface to the top corners of
the first scaffold tow, horizontally across to the second scaffold tow and then back to the
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pause point on the facesheet/tool surface, as shown schematically, in the G-Code path,
in Figure 9.
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Figure 9. Placement End Effector Path for Navtruss geometry.

With the dimensions described, the truss segments have nominally 10 mm of hor-
izontal length in contact with the lower facesheet and 10 mm across each scaffold pair
which will ultimately be fused to the upper facesheet. The remainder of the 30 mm gap
between scaffold pairs, combined with the 10 mm close-out height results in a nominal 45◦

truss angle transitioning from bottom to top facesheet. An individual truss core segment is
shown in Figure 10.
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The two critical areas for manufacturing a single tow in the truss geometry are when
the CFRTC strand is being placed onto the facesheet, the pause point, and when the CFRTC
strand is being pulled off the bottom facesheet, the lifting point. At each of these points,
local cooling is activated to rigidize the tow and fuse it to the lower facesheet, resulting
in an ability to change direction without pulling some of the already positioned tow out
of place. The composite placement head moves down from over the scaffolding, fusing
the truss tow segment to the scaffold at the transition, until it reaches the pause point.
At the pause point cooling is turned on and the placement head pauses for two seconds
allowing the CFRTC strand to cool and adhere to the facesheet. With the strand fused to
the facesheet at the pause point, the cooling is turned off to improve the consolidation
against the facesheet as the tow moves to the lifting point. Then, before leaving the plane
of the facesheet, local air cooling is once again applied to ensure a strong bond is achieved
so that the tow consolidated against the facesheet is not peeled off. Because cooling was
applied, the length of malleable composite in the newly placed tow is roughly only the
radius of the nozzle, or 2 mm. This known nozzle radius is accommodated for in the
G-code. In addition, as the placement head leaves the plane of the facesheet, where the
commingled tow exits the nozzle at 90◦ and moves upward, the relative angle between the
nozzle exit and the movement direction changes from 90◦ to 45◦, as shown schematically
in Figure 11, and the cross-sectional geometry of the rigidized CFRTC strand changes to
be more rod-like rather than flat and spread out. When the placement head moves over
the composite scaffolding a bond is formed between the scaffolding and the CFRTC strand.
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After reaching an adequate height to go over the scaffolding the nozzle, again with the tow
at an exit angle of 90◦, moves across the scaffolding which tends to flatten and spread the
tow. Finally, as the nozzle moves downward the relative tow exit angle changes from 90◦

to 135◦, further spreading the tow, which decreases the center thickness and increases the
width of the CFRTC strand.
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Figure 11. Tow-nozzle exit angle variation.

Thus, using a 3-axis system for the placement of the tow in the truss geometry results
in a changing degree of consolidation and a cross-sectional geometry dependent on the
position within the length of the truss segment. The resulting 3 tow wide truss core in the
‘2’ direction can be seen in Figure 12a.
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Figure 12. (a) Composite Truss Segments in ‘2’ Direction, (b) Composite Scaffolding in ‘2’ Direction,
(c) Completed Navtruss core prior to addition of the top facesheet.

Once the ‘2’ direction truss segments are complete, scaffold tows are placed across the
edge closure frame, in the ‘2’ direction as shown in Figure 12b, immediately adjacent to the
sides of the truss core segments. In this case, the free span is only 30 mm as the scaffold
tows go from edge closure to the top of each truss segment. Thus, only 2 tows, stacked on
top of each other, are necessary to generate sufficient scaffold stiffness in the ‘2’ direction.

Once this second set of scaffolding is complete, the Navtruss core can be completed
by placing the truss segments in the ‘1’ direction following the same procedure described
previously. The completed truss core, integrated with the lower facesheet and the edge
close-out, is shown in Figure 12c. The steps described in Figures 11 and 12a–c show the
constrained space within which the vertical moves must be accommodated. These close
confines also demonstrate the need for the specially developed long reach nozzle, shown
earlier in Figure 4, to ensure consolidation of the portions of the truss segment against
the lower facesheet without generating interference with the scaffolding or the truss core
segments running in the opposite direction.

2.3.4. Top Facesheet Manufacture

Placing the top facesheet utilizes the same G-code as the bottom facesheet, but the
Z height is adjusted to position the facesheet directly on top of the upper truss segments,
fusing, and creating the core-to-facesheet bond as facesheet tows are positioned. The
second layer at [90◦], shown in Figure 13, is placed at the same Z-position as the first
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upper facesheet layer [0◦] and utilizes the consolidation spring of the end effector to allow
the head to move up and down and follow the undulations of the first layer, yet apply a
controlled consolidation force.
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Figure 13. Placement of Top Facesheet onto Core.

The spring-loaded end effector improves the ability to consolidate the lamina and
decreases fluctuations in placement force while placing composite strands as part of the
top facesheet. The effective stiffness of the first layer of the facesheet is a function of the
distance between supports. The distance between the supports of the test panels is 30 mm
in most locations and 140 mm in the others. The second layer is consolidated against the
first and the third layer is consolidated onto the stiffer combination of the first and second
plies. A completed, digitally manufactured specimen, with the outer edge closure removed
in preparation for mechanical testing, is shown in Figure 14.
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Figure 14. Finished Digitally Manufactured Navtruss Sandwich Panel.

Due to differences in the processing and consolidation of each of the three segments of
the digitally manufactured Navtruss test panels, the consolidation quality, and therefore the
fiber fraction and void fraction vary. The lower facesheet, consolidated against the heated
tooling surface, had the most consistent properties. Segments, representative of the lower
facesheet were measured to have a nominal fiber volume fraction of 52%, and a void content
less than 5%, based on the composite constituent content evaluations consistent with ASTM
D792, Standard Test Methods for Density and Specific Gravity (Relative Density) of Plastics
by Displacement [38] and ASTM D3171, Standard Test Methods for Constituent Content
of Composite Materials [39]. Truss core segments were not measured for fiber and void
fractions as the tow geometry varied throughout and the individual tow position relative
to an adjacent tow was somewhat inconsistent. However, it is important to note that the
total number of E-glass reinforcing fibers is fixed, based on the TEX of the commingled
feedstock. Finally, the upper facesheet was more poorly consolidated than the lower
facesheet. No direct measurements of the fiber and void fractions of the upper facesheet
were performed as the consolidation, and associated thickness, varied with position. So,
while the fiber count in the upper and lower facesheets were identical, as was the total
amount of thermoplastic matrix, the fiber fraction of the top facesheet is lower than that
of the bottom facesheet and the void fraction is higher. For the compression and shear
modulus testing, the properties of the facesheets play a small role, as the properties of
the sandwich panel are dominated by the performance of the truss core segments and
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the strength of the bond to the facesheets. In future applications of truss core panels
manufactured with radically reduce tooling, the quality of the top facesheet is expected to
approach that of the lower facesheet as the facesheet thickness increases.

2.4. Compression Molded Baseline Navtruss Panel Manufacture

To create a baseline for comparison with the CFRTC Navtruss panel it was decided
that panels would be produced by compression molding, a technique common in the
literature [2]. A set of aluminum dies, shown in Figure 15, were manufactured with a
geometry equivalent to that of truss segments of the CFRTC Navtruss design. The Navtruss
core truss segments were then manufactured by compression molding seven (7) plies of
a unidirectional thermoplastic glass fiber reinforced PET prepreg into a unidirectional
laminate between the matched aluminum dies. This number of plies was chosen to match
the amount of glass fiber reinforcement in the truss segments of the digitally manufactured
panels, which was a known value, based on the TEX of the commingled feedstock. The
compression molding was performed using a small laboratory hot press, with a platen size
of 200 mm × 200 mm, that incorporates both heating and cooling control.
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Figure 15. Compression Dies, (a) top half with alignment holes, (b) bottom half with dowel pins.

Chemlease 41-90EZ was applied to the aluminum matched dies to ensure proper
release of the glass fiber/PET prepreg. The UD prepreg was cut into 76 mm × 152 mm
strips with the fiber parallel to the long direction of the strip. The seven prepreg strips,
layered on top of each other, were positioned in the middle of the die set and the platens
where heated to 290 ◦C. Once at temperature, the dies were closed until the alignment pins
engaged the alignment holes and 620 N of press force was applied to consolidate the fiber
reinforced thermoplastic composite laminate. With the plies fused together, the mold and
platens were slowly cooled under pressure. When the temperature dropped below 70 ◦C
the pressure was removed, and further cooling was allowed to take place in air until a safe
handling temperature was reached. The 76 mm × 152 mm laminates were then trimmed
to length and cut to a nominal width of 10 mm using a high-speed water cooled saw to
create the compression molded truss core segments. The edges of the segments were wet
sanded to remove any defects introduced by the cutting process and then dried for one
hour at 55 ◦C. The top and bottom facesheets were cut from a prefabricated E-glass/PET
[0/90/0/90/0]T laminate with a nominal thickness of 1.4 mm. The facesheets were cut to
152 mm × 152 mm in preparation for the assembly of the Navtruss panel.

Representative sections of both the compression molded truss segments and the
prefabricated facesheet material were measured to have a nominal fiber volume fraction
of 45%, and a void content of 3% or lower, based on the composite constituent content
evaluations consistent with ASTM D792, Standard Test Methods for Density and Specific
Gravity (Relative Density) of Plastics by Displacement [38] and ASTM D3171, Standard
Test Methods for Constituent Content of Composite Materials [39].

Using heat and a small amount of pressure, the truss core segments were fusion
bonded by arranging the truss core segments, first on one facesheet, as in Figure 16a. This
was then placed, facesheet down, on the lower press platen. The lower platen, only, was
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heated to facilitate the fusion bond between the facesheet and the contacting regions of
the truss core segments. The cold upper press platen was then engaged to apply a slight
pressure, as shown in Figure 16b. The applied pressure was just sufficient to push the core
into the hot facesheet without crushing the core. Once the facesheet and core bond areas
reached a sufficient bonding temperature the single-sided panel was cooled and removed
from the press, Figure 16c. This cooled half of the panel was then inverted and placed on
the other facesheet. The heating process was repeated, with this second facesheet against
the hot lower press platen and the previously joined facesheet in contact with the cool
upper press platen. Maintaining this temperature gradient keeps the truss core stiff enough
to support a consolidation force yet allows the core sections and facesheet in contact with
the heated lower platen to fuse. Once the facesheets were joined to the truss core segments
the sandwich panel was trimmed to its final size with a high-speed water-cooled saw and
dried at 55 ◦C for one hour. The resulting baseline compression molded Navtruss core
panel is shown in Figure 16d.
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Figure 16. Bonding Sequence for Compression Molded Specimens, (a) core positioning, (b) press
bonding of truss segments to the lower facesheet, (c) a view of the joined truss core and facesheet,
and (d) the completed baseline Navtruss sandwich panel.

3. Navtruss Core Sandwich Panel Performance Evalution

To evaluate the effects of manufacturing parameters and to determine some prelimi-
nary mechanical properties of the digitally manufactured Navtruss core panels, 4 digitally
manufactured and 3 baseline compression molded specimens were produced. The 7 speci-
mens were tested for modulus in both compression and shear.

3.1. Test Specimens

The details of the 7 test specimens are summarized in Table 1. The compression molded
specimens, CM1–CM3 were manufactured using identical parameters while, each of the
digitally manufactured specimens, DM1–DM4, had a slight change incorporated into the
processing. The process variations in DM1–DM4 were: DM2–DM4 followed the procedure
outlined in the previous section on digital Navtruss manufacturing, incorporating localized
cooling only at the transition points, in an effort to improve consolidation in all other
locations. For DM1, cooling was active throughout the complete manufacture, including
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during the manufacture of the facesheets. Specimens DM3 and DM4 used 4-layer facesheets
versus the 3-layer facesheets of DM1 and DM2. DM1–DM3 used a placement nozzle
temperature of 290 ◦C, while DM4 was manufactured with a placement nozzle temperature
of 310 ◦C, to better understand the effects of enhanced matrix flow.

Table 1. Sandwich Panel Navtruss Core Specimen Information.

Specimen–Description Core Thickness
(mm)

Top Facing
Thickness (mm)

Bottom Facing
Thickness (mm) Base (mm) Width (mm) Ply Sequence

DM1–Continuous
Cooling 9.93 1.69 1.35 125.5 142.0 [0/90] core [90/0]

DM2–Localized Cooling 10.05 1.66 1.26 125.1 141.3 [0/90] core [90/0]

DM3–Thicker
Facesheets 9.65 1.86 1.54 122.7 141.9 [0/90/0] core

[0/90/0]

DM4–Higher Placement
Temperature 9.65 1.94 1.63 124.1 148.7 [0/90/0] core

[0/90/0]

CM1 8.00 1.37 1.34 130.0 130.3 [90/0/90/0/90] core
[90/0/90/0/90]

CM2 8.95 1.42 1.42 132.8 131.1 [0/90/0/90/0] core
[0/90/0/90/0]

CM3 8.85 1.33 1.38 130.5 132.3 [90/0/90/0/90] core
[0/90/0/90/0]

The designed Navtruss core thickness was 11 mm for all specimens. For both groups
of specimens there was a decrease in core thickness when manufactured. Compression
molded specimens had the largest thickness variation from the designed thickness, with an
average core thickness of only 8.31 mm, while the digitally manufactured specimens had
an average core thickness of 9.78 mm. In the compression molded core, these differences in
the thickness occurred from the process of joining the truss core segments to the facesheet.
In the digitally manufactured specimens, the reduction in the core thickness was from
a combination of the variation in tow consolidation on the lower facesheet and across
the scaffolding, as well as from the operation of consolidation the top facesheet on the
truss core.

The facesheets of the compression molded specimens were pre-consolidated plates,
resulting in top and bottom facesheets that were nominally 1.4 mm thick. However, the
digitally manufactured specimens had notable thickness variations between the top and
bottom facesheet, with the thinner bottom facesheet consolidated against the tool surface
and the top facesheet only consolidated against the core itself. The thickness for the digitally
manufactured 2-layer bottom facesheet of specimens DM1 and DM2 was nominally 1.3 mm
with a nominal top 2 laminae thickness of 1.7 mm. Correspondingly, the thickness for
the digitally manufactured 3-layer bottom facesheet of specimens DM3 and DM4 was
nominally 1.6 mm with a nominal top 3 laminae thickness of 1.9 mm.

3.2. Structural Evaluation

To investigate the effects of the process variations and the structural potential that
the direct digital manufacturing approach for a Navtruss core sandwich panel offers, core
compression and shear modulus were measured for each of the specimens. Testing followed
ASTM C365, Standard Test Method for Flatwise Compressive Properties of Sandwich
Cores [40] and ASTM C273, Standard Test Method for Shear Properties of Sandwich Core
Materials [41] and was performed to evaluate and compare the moduli of the direct digitally
manufactured and of the baseline Navtruss core sandwich panels. To accommodate the test
protocols, the regions that included the neat thermoplastic edge closures of the digitally
manufactured panels were trimmed away, leaving the exposed truss core.
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3.2.1. Compression Modulus

The core compression modulus of each Navtruss sandwich panel was measured,
based on ASTM C365 [40]. Core compression modulus translates to the stiffness of the core
which requires recording the load applied through the thickness and the corresponding
displacement. Figure 17 shows the testing configuration with a compression molded
specimen placed between the compression plates of the testing apparatus.
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Figure 17. Compression Modulus Test Configuration.

For the Navtruss geometry a single cell size of the core is large compared to traditional
honeycomb core structures. Since ASTM C365 specifies specimen size based on a minimum
of 9 “cells”, a test panel of approximately 140 mm × 140 mm was required. A load of
4.45 kN was applied at a loading rate of 0.51 mm/min followed by specimen unloading.
Each specimen was loaded 5 times as a measure of repeatability. The method of ASTM
C365 was followed to determine the compression modulus from the measured loads
and displacements.

3.2.2. Shear Modulus

The core shear modulus of the Navtruss sandwich panels was measured, based on
ASTM C273 [41]. In this procedure, core shear modulus is found using the linear region
of the load vs. displacement curve. The core shear modulus experiment requires that the
sandwich panel specimens are bonded to relatively stiff plates, and that these plates are
subsequently loaded, transferring shear into the facesheets of the truss core specimens. The
relative facesheet displacement was based on the testing machine crosshead displacement.

The Navtruss sandwich panel specimens where bonded to 3.18 mm thick aluminum
plates using Loctite EA9394, an epoxy paste adhesive. The adhesive was cured at room
temperature for 24 h and then post cured at 60 ◦C for one hour. The sample alignment
between the plates was important because variations in plate alignment with the test
fixturing would result in an uneven application of pressure during the tests.

The shear tests were performed in the elastic range by loading to 2.67 kN at a crosshead
displacement rate of 0.51 mm/min and then unloading. Each specimen was tested 5 times
to generate statistical information. A section of a truss core panel is positioned in the
desired shear configuration in Figure 18a to demonstrate the mode of loading. However,
as indicated, the complete panels of nominally 140 mm × 140 mm included aluminum
plates bonded to each composite facesheet, as shown in Figure 18b, with the two loading
plates placed into the upper and lower shear test fixtures. The method of ASTM C273 was
followed to determine the shear modulus from the measured loads and displacements.
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Figure 18. Sandwich Shear Modulus Testing Configuration, (a) representative specimen geometry
showing shear loading configuration, (b) as-tested configuration showing aluminum loading plates
bonded to the composite facesheets.

4. Results

Each of the 7 specimens were first tested in compression and then in shear. When
testing for stiffness the manufactured specimens were loaded only in the elastic region of
the load displacement curve and were therefore not damaged during testing. This allowable
range was based on a percentage of the failure test results of a preliminary panel of each
type. Performing modulus testing in the elastic range allowed direct comparison of the
compression and shear performance of each of the various panels. Shear testing required
bonding an aluminum plate to each facesheet of each specimen which was accomplished
once compression modulus testing was complete. The results for the compression modulus
and shear modulus are shown in Table 2.

Table 2. Compression Modulus by Manufacturing Method.

Specimen–Description Compression Modulus (MPa) Shear Modulus (MPa)

DM1–Continuous Cooling 10.20 ± 0.34 5.45 ± 0.34

DM2–Localized Cooling 12.00 ± 0.41 6.07 ± 0.55

DM3–Thicker Facesheets 13.93 ± 0.48 6.76 ± 0.48

DM4–Higher Placement
Temperature 13.72 ± 0.41 8.69 ± 0.41

Average of Digitally
manufactured Specimens 12.46 ± 1.74 6.74 ± 1.40

CM1 15.47 ± 0.27 11.10 ± 0.24

CM2 16.77 ± 0.50 11.77 ± 0.36

CM3 16.16 ± 0.26 11.46 ± 0.19

Average of Compression
Molded Specimens 16.13 ± 0.65 11.44 ± 0.34

4.1. Compression Modulus

During each compression test there was a settling region and a region of linear re-
sponse. The settling region is when the specimen and the loading platens would begin
shifting prior to generating a stable force across the complete surface of the test specimen.
Every specimen displayed a linear region between 2.66 kN and 4.00 kN. The slope of this
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linear region was determined and used in the determination of the compression modulus.
Representative load vs. displacement charts for DM4 and CM3 are shown in Figure 19. The
5 sequential loadings are shown on each chart and the non-linearity in the lower regions is
noted. Also included are the linear trend lines that were used to determine the compression
modulus values.

J. Compos. Sci. 2022, 6, x FOR PEER REVIEW 17 of 22 
 

 

4.1. Compression Modulus 

During each compression test there was a settling region and a region of linear re-

sponse. The settling region is when the specimen and the loading platens would begin 

shifting prior to generating a stable force across the complete surface of the test specimen. 

Every specimen displayed a linear region between 2.66 kN and 4.00 kN. The slope of this 

linear region was determined and used in the determination of the compression modulus. 

Representative load vs. displacement charts for DM4 and CM3 are shown in Figure 19. 

The 5 sequential loadings are shown on each chart and the non-linearity in the lower re-

gions is noted. Also included are the linear trend lines that were used to determine the 

compression modulus values. 

  
(a) (b) 

Figure 19. Load vs. Displacement charts for (a) specimen DM4 and (b) specimen CM3 tested in 

compression. 

The group of four (4) direct digitally manufactured specimens have an average com-

pression modulus of 12.46 MPa, with a standard deviation of 1.74 MPa. The highest com-

pression modulus of the digitally manufactured specimens was specimen DM3, with an 

average compression modulus of 13.93 MPa and a standard deviation, based on the 5 re-

peated loadings, of 0.48 MPa. The lowest compression modulus for the digitally manufac-

tured specimens was specimen DM1, with a compression modulus of 10.20 MPa. The 

compression molded three (3) specimen group has an average compression modulus of 

16.13 MPa and a standard deviation of 0.65 MPa. 

4.2. Shear Modulus 

Again, a settling period was observed as the fixturing and test machine loading was 

initiated. All specimens demonstrated a linear response in the region between 1.33 kN and 

2.66 kN. Representative load vs. displacement charts for DM4 and CM3 are shown in Fig-

ure 20. A linear regression was performed in this region to find the slope and from that, 

determine the shear modulus. The 5 sequential loadings are shown on each chart and the 

non-linearity in the lower regions is noted. 

Figure 19. Load vs. Displacement charts for (a) specimen DM4 and (b) specimen CM3 tested
in compression.

The group of four (4) direct digitally manufactured specimens have an average com-
pression modulus of 12.46 MPa, with a standard deviation of 1.74 MPa. The highest
compression modulus of the digitally manufactured specimens was specimen DM3, with
an average compression modulus of 13.93 MPa and a standard deviation, based on the
5 repeated loadings, of 0.48 MPa. The lowest compression modulus for the digitally manu-
factured specimens was specimen DM1, with a compression modulus of 10.20 MPa. The
compression molded three (3) specimen group has an average compression modulus of
16.13 MPa and a standard deviation of 0.65 MPa.

4.2. Shear Modulus

Again, a settling period was observed as the fixturing and test machine loading was
initiated. All specimens demonstrated a linear response in the region between 1.33 kN
and 2.66 kN. Representative load vs. displacement charts for DM4 and CM3 are shown in
Figure 20. A linear regression was performed in this region to find the slope and from that,
determine the shear modulus. The 5 sequential loadings are shown on each chart and the
non-linearity in the lower regions is noted.
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The four direct digitally manufactured specimens have an average shear modulus
of 6.74 MPa with a standard deviation of 1.4 MPa. Within the digitally manufactured
specimen group the highest shear modulus is specimen DM4, the specimen with increased
placement temperature, with a modulus of 8.69 MPa and a standard deviation of the five
sequential loadings of 0.41 MPa. This represents a 24% increase from the specimen that
exhibited the lowest shear modulus. The lowest shear modulus is specimen DM1 with a
shear modulus of 5.45 MPa. The 3 compression molded specimens have an average shear
modulus of 11.44 MPa with a standard deviation of 0.34 MPa.

5. Discussion

It is clear from the results of the compression and shear modulus tests that the digitally
manufactured panels do not reach values as high as those of the compression molded,
baseline truss core panels. This is not unexpected, as the digitally manufactured panels are
in the very early stages of development while the compression molded panels are made by
a more traditional, well-developed method, utilizing preimpregnated composite materials.
To better understand where further development of the direct digital manufacturing process
can be undertaken to improve the Navtruss panels, factors related to commingled tow
process conditions, and to tow cross-section geometry, need to be considered.

5.1. Performance Related to Digital Manufacturing Process Variables

Different processing variables were implemented within the 4 digitally produced
Navtruss panels. The placement nozzle temperature was set to 290 ◦C for specimens
DM1-DM3 but was increased to 310 ◦C for specimen DM4 to improve the PET flow and
thus, the wetout of the glass fibers and the consolidation. While there were multiple manu-
facturing differences between DM1, DM2 and DM4, DM4 was manufactured in a virtually
identical fashion to DM3, except for the nozzle temperature. The resulting compression
moduli for these two specimens are effectively identical; however, the shear modulus for
DM4, produced with a 20 ◦C hotter nozzle temperature, was 8.69 MPa compared to a
value of only 6.76 MPa for panel DM3. Given the range of shear moduli measured, this
difference is significant and suggests that improved wetout of the core and potentially
improved adhesion between the facesheets and the truss core elements resulted from the
increased temperature and reduced viscosity. Further increases in nozzle temperature were
not attempted as degradation of PETG has been documented at temperatures as low as
320 ◦C [42,43].

The other significant process variation was the introduction of programmed cooling,
activated only during transitions at the lower facesheet surface. For specimen DM1,
the cooling flow was applied during the placement of the entire panel while for DM2,
programmed local cooling was applied. With the application of the programmed cooling,
the nozzle outlet temperature remained hotter for the majority of the process for enhanced
consolidation. The facesheets and the commingled tow of the core of specimen DM2 were
then expected to be better wetout then those of specimen DM1. The test results indicate
notably higher compression and shear modulus for the programmed local cooling, with
specimen DM2 showing a compression modulus of 13.93 MPa and shear modulus of
6.76 MPa compared to a 10.2 MPa modulus in compression and a 5.45 MPa shear modulus
for specimen DM1. These results indicate that the application of programmed local cooling
is an effective addition to the direct digital manufacture of the truss core panels.

5.2. Digitally Manufactured Panel Performance Related to Tow Placement Details

It is believed that the primary reason that even the best of the digitally manufactured
specimens has a lower modulus than the compression molded Navtruss panels is the
inconsistent tow cross-section, particularly within the commingled tow that make up the
truss core elements. When placing commingled tow on a tool surface the placement head
can apply a consolidation pressure, shaping the tow into a consistent band on the surface,
removing voids and wetting out the fibers in the process. However, for these digitally
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manufactured panels, the truss core is being placed off the tool surface resulting in only
limited control of the tow cross-sectional geometry and consolidation force, beyond that
which occurs inside the placement nozzle. Previous research has shown that the nozzle
outlet size can affect the consolidation within the nozzle [31,32]. Those efforts concluded
that the void content in the commingled tow markedly increased if the nozzle outlet
diameter was 15% larger than the effective diameter of the processed tow. In the case
of the current system, the placement nozzle was designed with a diameter of 1.5 mm,
based on an estimated commingled tow cross-section equivalent to a 1.4 mm diameter.
Thus, with an outlet diameter only 7% larger than the commingled tow, a reasonable
degree of consolidation can be expected as the commingled tow passes through the nozzle,
even without the nozzle being pressed against a tooling surface. However, even with an
expectation of reasonable consolidation as the commingled feedstock passes through the
nozzle, the resultant deposited tow geometry can still play a role.

As described earlier, producing the Navtruss core elements with a 3-axis automation
system results in the extruded tow exiting the nozzle at a different angle depending on the
position within the truss element. This different angle of exit results in different off-the-tool
tow geometries, as shown in Figure 21.
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The placement approach used in the digitally manufactured specimens, was an alter-
nating path, left-to-right and then right-to-left for the parallel tows of each truss segment.
Thus, on this same angled truss segment facet the effects of the 45◦ and 135◦ tow exit, shown
schematically in Figure 11, can be seen. As the tow leaves the nozzle at 45◦, moving left-to-
right in Figure 21, it has little spreading and takes on a rod-like cross-section. Conversely,
moving right-to-left, the tow leaves the nozzle at 135◦ resulting in significant spreading
and thinning. In Figure 21 it is also obvious that the geometry of the tow across the flat
top of the truss element, where the tow exits the nozzle at 90◦ is the same, independent of
direction of travel. These differences in tow geometry with position in the truss segments
compromise the truss core performance. To address this, the use of a multi-axis system of at
least 5 axes would be beneficial, as has been previously described for following a complex
trapezoidal tool surface [33]. Thus, through continued process parameter development and
the implementation of multi-axis control, it seems that the digitally manufactured Navtruss
panels have the potential to demonstrate stiffnesses, in both compression and shear, similar
to those produced using the more traditional compression molding of prepreg materials.

6. Conclusions

A direct digital approach to the manufacture of Navtruss core sandwich panels, which
radically reduces the amount of tooling required, has been successfully demonstrated.
This manufacturing process uses commingled continuous glass fibers and PET fibers
as the feedstock from which a high fiber fraction thermoplastic matrix composite can
be produced, both on, and off the tool surface. Comparison with a truss core panel,
of similar geometry, manufactured by compression molding and fusion joining of the
facesheets and truss core elements demonstrates the potential advantages of the direct
digital manufacturing approach.
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Several Navtruss specimens were manufactured to investigate the effects that direct
digital system process modifications have on the resulting panel performance. The best
digitally manufactured truss core sandwich panel had a compression modulus that was only
14.6% lower than the average compressive modulus of the baseline compression molded
specimens. The shear stiffness of the best preforming digitally manufactured panel was 23%
lower than the average shear stiffness of the compression molded specimens. However, as
the extruder temperature was increased and controlled cooling was implemented in the
direct digital manufacturing process, the composite truss core panel modulus increased by
nominally 25% in both compression and shear.

Beyond the potential gains from process parameter improvements while using the
current 3-axis system, it seems clear that moving to an automation system with additional
axes can offer further benefits through a higher degree of control of both the truss segment
shape and the geometry of rigidized tow cross-section. Thus, overall, the results suggest
that, with further development, direct digital manufacture of complex truss core structures
can be accomplished with radically reduced tooling requirements through off-the-tool
surface positioning, rigidization and consolidation of high volume fraction, continuous
fiber reinforced thermoplastic matrix composites.
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