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Development of Fused Deposition Modeling of Multiple
Materials (FD3M) Through Dynamic Coaxial Extrusion

Robert G. Lahaie,! Christopher J. Hansen,' and David O. Kazmer?

Abstract

Multimaterial additive manufacturing is expanding the design space realizable with 3D printing, yet is largely
constrained to sequential deposition of each individual material. The ability to coextrude two materials and
change the ratio of materials while printing would enable custom-tailored polymer composites. Here, the
evolution of a dynamic material coextrusion process for additive manufacturing capable of printing any ratio
between and including two neat input materials is described across 3 hot-end generations and 14 implemented
design iterations. The designs evolved with increased understanding of manufacturing constraints associated
with the additive manufacturing of metal components with internal flow bore diameters on the order of 2 mm
and typical bore length around 50 mm. The second generation overcame this issue by partitioning the design
into two pieces to locate the flow channel geometry at the interface between the components so that the details
could be easily printed on the components’ external surfaces. The third concept generation then focused on
minimizing flow channel volume to reduce the average length when transitioning between materials by 92%.
The third-generation design was also used to investigate the improvements in dimensional stability during
annealing of acrylonitrile butadiene styrene (ABS) made possible by coextruding ABS with a polycarbonate
(PC) core. The standard deviation of part shrinkage after annealing was 7.08% for the neat ABS but reduced to
0.24% for the coextruded ABS/PC components.

Keywords: additive manufacturing, material extrusion, coextrusion, coaxial, concept design

Introduction butadiene styrene (ABS)-polycarbonate (PC) components

through annealing.>® In this work, Wetzel et al. created fil-
ADDITIVE MANUFACTURING BY material extrusion (e.g., ament with a coextrusion die containing an ABS shell and a
fused filament fabrication [FFF] or fused deposition model- PC core, which was then loaded into a traditional FFF printer
ing [FDM™], direct ink writing, ambient reactive extrusion) to manufacture parts that are subsequently annealed. The
is a layer-by-layer method of depositing material to create a  higher glass transition temperature of PC allowed for printed
final product.l Material extrusion provides a wide range of products to be annealed at temperatures above the glass
processing settings such as layer heights, road widths, and transition temperatures of ABS such that the annealed
print rates.” Material extrusion can print multiple materials, products had impact properties similar to those of molded
typically by using individual extruders for each material.>*In  ABS. While this process is effective, it requires an additional
this typical approach, an extruder is enabled when the cor- step to manufacture the filament, and the material ratio of
responding material is to be deposited, while the secondary  shell to core is determined during the coextrusion stage and

extruder remains idle and vice versa. remains constant during the printing stage, not allowing for
In FFF, coextrusion through a single hot end is an alter- dynamic tailoring of material ratios within a single print.
native to multiple extrusion heads that could both reduce time Other related work includes Peng’s manufacture of poly-

and material waste as well as enable improved part proper- ethylene shell-core filament that has three times higher
ties. Demonstrations of coextrusion include extrusion of strength than virgin polyethylene.” In this study, Peng et al.
multimaterial filaments to achieve high-impact acrylonitrile used two extruders with gear pumps to coextrude and align
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filament to be processed for use with an FFF printer. The
material ratio could be changed throughout the filament spool
by utilizing individual melt pumps during the filament extru-
sion process. Although this method provides the ability to
dynamically alter the filament, accurate estimation of where
the material will be along the spool would be required to match
the composition with the desired deposition location in the
part. Khondoker has also demonstrated metal core—polymer
shell coextrusion ® and bimaterial dual extrusion.” !

Whereas the previous methods of Wetzel and Peng were
demonstrated exclusively with thermoplastic materials,
Khondoker’s system is capable of extruding both metal and
elastomeric materials. These materials were enabled by the
addition of a syringe pump and pellet extruder to the printer
system. Khondoker bimaterial system utilized a single hot
end that extruded two different materials simultaneously,
resulting in an extrudate that comprised two materials side by
side. The relatively simple design allowed for integration
onto a 3D printer without the need for large modifications, but
with limited thermal and flow control.

This article describes a new approach to additive material
extrusion, referred to as fused deposition manufacturing of
multiple materials (FD3M). FD3M intakes two materials and
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combines the melt flows into a single shell-core flow before
exiting through a single nozzle. The two primary objectives
are: first, to use a flow manifold and a single nozzle to decrease
the time to switch between materials; and second, to dispense
varying composite fractions to increase the functionality of the
FFF extrusion technique. The article presents the iterative
design of the FD3M hot end, the analysis of flow and transient
deposition, and finally performance of the developed system.

Printhead Design Process
Initial design with opposing fluid ports

The initial design concept was inspired by a multiport
hydraulic spool valve in which opposing fluid ports balance
the forces across the spool to reduce actuation forces. The
initial design (shown in Fig. la) incorporated two arms that €FI
interfaced with E3D Titan extruders (Chalgrove, UK) to
deliver flow to different layers of the manifold.

The central valve pin had a 10 mm outer diameter, 2 mm
bores, and was able to use standard M6 threaded nozzles, to
allow for the investigation of different outlet diameters. The
valve pin was mated with the central bore of the manifold
with a diametrical clearance of 10 um to avoid leakage.

Inlet Manifold

FIG. 1. Section views of coextrusion manifold designs, including (a) 3rd design iteration with two-level manifold,
separable feed arms, and rotatable spool valve, (b) 6th design iteration with two-level manifold with side arms, straight feed
tubes, and rotatable spool valve was the first generation, (¢) 9th design iteration with two-level manifold with short feed
ports and separable spiral flow bore was the second generation, and (d) 14th design iteration with single layer manifold with
straight bores and accessible flow channels on rop surface of nozzle was the third generation of hot end.
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Specifically, the center valve pin and corresponding bore
were designed steel safe and postprocessed by machining.
Then, the center valve pin was designed oversized and turned
using a lathe while the manifold bore was designed under-
sized and then drilled and reamed. Each level of the manifold
was independently heated using two heater cartridges based
on temperature measurements from centrally located therm-
istor, allowing for each level to operate at different temper-
atures. Thermal isolation between the two levels was
provided through thin ribs at either end of the manifold.

Thermal FEA modeling was performed to confirm that two
heater cartridges would provide enough heating to the hot
end. Both the valve pin and manifold were manufactured out of
420 stainless steel powder infused with bronze through the
method of binger jetting. Additive manufacturing methods
such as direct metal laser sintering and lost wax casting through
additive manufacturing methods were also investigated.'?

The printhead design iterations discussed in this article
were designed in accordance to published ‘‘design for
manufacturing” guidelines.13 Design guidelines for binder
jetting components suggests a minimum wall thickness and
minimum flow bores of 1 mm."? Structural integrity of the
printed components was never an issue across dozens of re-
ceived components. However, even with flow bores of 2 mm
in diameter, components with a 2 mm bore were often clog-
ged with uncleaned support powder, which became solid
after the sintering process. These clogs occurred in both the
manifold and valve pin and could not always be corrected
with machining given the curved geometry of the flow
channels in the manifold and valve pin.

In retrospect, a few successful prints early in the project
belied the difficulty of printing and costly development de-
lays that were to come. Tension always exists between design
for manufacturability (which emphasizes design simplicity
and robustness) and design for assembly (which emphasized
minimizing the number of components at the expense of in-
creased design complexity). Of the two, design for manu-
facturability was the dominating constraint in the development
of FD3M. The design of Figure 1a was actually the 3rd design
iteration in which clogs in the feed arms and manifolds were
being mitigated by separating the arms from the manifold to
increase the odds of reduced clogs in the arms and manifold as
well as likely success of corrective machining.

Iteration 6 (Fig. 1b) was also implemented with E3D Titan
extruders, which slide into the slots at the top of the inlet
arms. An active cooling system was added around the passive
cooling fins on the inlet arms to minimize heat creep from the
main manifold body into the inlet arms and extruders.
Without active cooling, backflow of the polymer occurred,
causing blockages of cooled polymer within the inlet arms,
and halting the feed of the material. After implementation of
the active cooling material blockages no longer occurred in
the inlet arms. Iteration 6 was tested on a static (nonmoving)
stage to explore the coextrusion of varying cross-sections,
including core—shell, triclover core—shell, static mixer, and
biased cores. Examples of the coextruded cross-sections are
presented in the results sections.

Second-generation design using spiral flow manifold

Following the conceptual feasibility testing of the static
hot end, the objective was to provide a functional printer

3DP-2022-0197-ver9-Lahaie_1P-new.3d 01/11/23 6:48pm Page 3

3

that implemented the FD3M method based on two design
principles. The first principle was that the valve pin was
unnecessary given the low flow rates that are associated with
FFF 3D printing. Specifically, it was reorganized that the
extruders were capable of independently controlling the
volumetric flow rate of each material entering the hot end
such that proportional metering with a rotatable valve (akin
to the inspiring hydraulic spool valve) was not necessary.
The second design principle was that the manufacturability
constraints from the metal additive manufacturing process
dictate minimization and simplification of internal flow
geometries. To alleviate the manufacturing constraints and
to allow for easier support powder removal, the flow ge-
ometries within the manifolds were moved to the outer
surfaces.

Using these design principles, the central valve pin was
replaced with a spiral flow manifold to enable axisymmetric
flow as shown in Figure 1c. To ensure manufacturability, the
manifold was split into two components, comprising a spiral
flow bore and a conical mandrel. The top level of the mani-
fold carried the core material into the lower manifold that
contains the spiral flow geometry. The spiral flow geometry
allows for the shell material to flow around and down the core
material as it enters the lower manifold. The upper manifold
also has an air gap to provide thermal isolation from the lower
manifold. The two manifolds were made manufactured using
binder jetting and 420 stainless steel powder infused with
bronze. The two manifolds are bolted together, creating a
sealing surface along the top of the lower manifold.

The manifold in Figure 1c utilized coupling nuts to connect
the manifold to the material extruders. The coupling nuts
initially had one side with an M6 internal thread that the
extruder screwed into and one side with an M10 internal
thread that secured the manifold inlet. Proper alignment
during the threading process was found to be excessively
difficult. The design was changed so that both ends of the
coupling nut had an M6 thread to allow for the heat break on
the extruder to sit against the manifold. This change did not
allow for orientation control when tightening, but it was de-
termined that the extruders could be mounted at an angle
without adversely affecting performance.

The spiral flow manifold design was successfully im-
plemented across four iterations, with three being fully im-
plemented onto a modified Creality CR-10 V2. Modifications
to the CR-10 included incorporation of two E3D Hemera
extruders, the custom hot end, and upgraded controls (Azteed
X3; Panacutt Devices, Irvine, CA) based on Marlin 2.0.

Third-generation design with interchangeable flow
geometries into nozzle tip

The results from the implementation of the spiral flow
geometry indicated that the material transition time shown
was not sufficiently rapid enough for the FD3M printing
process. The shorter the material transition time, the more
capable the hot end will be at printing different materials
within a single printed component. Using MATLAB image
processing (Mathworks, Cambridge, MA), analysis to ana-
lyze the hue color value along the deposited road began by
superimposing the print path onto the photo of the print, for
which the hue is then analyzed along the superimposed path
and plotted. The previous design iterations were based off the
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FIG. 2. Die geometries for interchangeable nozzle in third-generation design in Figure 1d. (a) Multirunner flow geometry,

and (b) spiral flow geometry.

assumption that the transition time would be solely depen-
dent on the volume of the flow channels where the two ma-
terials are combined. However, validation work suggests that
the compressibility and/or pressure drop within the hot end
could cause backflow of one material into the incorrect flow
channel. The recognition of backflow meant that minimiza-
tion of the volume of the entire polymer feed system became
a primary design consideration.

Accordingly, a third and final generation of design incor-
porated the flow geometry onto the surface of the nozzle tip as
shown in Figure 1d. This hot end implements all the insights
gained from previous iterations: (1) a modular nozzle die that
allows for the investigation of different flow geometries
without the need of reprinting a new inlet manifold, (2) the
complex flow geometries have been moved to the surface of
the nozzle die to allow for easier manufacturing and in-
spection, (3) a single axial sealing surface between the nozzle
and the manifold, (4) straight manifold flow bores allow for
easier finish machining and minimized flow length, (5) con-
centric nozzle die bore allows micromachining of outlet di-
ameter, and (6) two heater cartridges sandwich the flow bores
to supply uniform heating.

In the final design of Figure 1d, multiple nozzles have been
developed to investigate axisymmetric flow behavior for
different materials (shear thinning viscosity properties) and
processing conditions (temperature and flow rates). Two
different flow geometries a multirunner design and a spiral
flow design have been designed as shown in Figure 2. The
multirunner geometry has a primary and secondary runner
that bifurcates the flow fronts at each split to allow for the
shell to wrap around the core material. The spiral flow ge-
ometry (Fig. 2b) uses a spiral flow path to guide the shell

TABLE 1. SIMULATION CONDITIONS AND PARAMETERS

Parameter Value
Melt temperature (°C) 220
Total volumetric flow rate (mm>/s) 5
Material (non-Newtonian) ABS
n, Pas 12.95
Arrhenius constant, K 3919.56
Power-law index, n 0.38
Density, p (kg/m?) 1040
Thermal conductivity, k [W/(m*K)] 0.127
Specific heat capacity, C, [J/(kg*K)] 1800

ABS, acrylonitrile butadiene styrene.

material around the core such that the rate of pressure drop
along the arc length of the spiral equals the rate of pressure
drop from the spiral to the central nozzle bore. The nozzles
were manufactured from bronze using wax 3D printing and
lost wax casting. The manifold and fixing plate were manu-
factured from 420 stainless steel using binder jet additive
manufacturing.

Flow simulation

Flow simulations were performed on the two nozzle die
concepts to investigate two important factors: (1) the shear
stress along the wall and (2) the pressure drop within the flow
paths. The simulations were performed with SolidWorks’
Flow (Waltham, MA) for an ABS material fed equally at both
inlets with a temperature condition of 220°C and a combined

volumetric flow rate of 5mm?/s. Table 1 provides the pro- € T1

cessing conditions and material properties used for the sim-
ulations. A larger shear stress along the flow bore walls
assists the polymer delamination from the flow channel sur-
face during material changeovers, thus resulting in a faster
material transition time.'* With increased wall shear stresses,
however, comes a larger pressure drop within the system. The
goal is to have a maximum pressure drop of 10 MPa to avoid
difficulty driving the material through the hot end with the
extruders.'”

Printhead Validation
Sections under steady-state conditions

The simulation results for steady-state shear stress and
melt pressure are presented in Figure 3. Referencing Figure 3,
the shear stress along the wall for the multirunner nozzle is
considerably lower than for the spiral flow. The largest shear
stress in both dies occurs near the central bore such that the
polymer will more easily pull off the wall near the center of
the flow. Meanwhile, the pressure drop results indicate that
the pressure around the outlet is balanced, corresponding to
an axisymmetric flow at the intersection of the two materials.
The spiral flow geometry is highly axisymmetric while the
multirunner design suggests the possibility of some lack of
concentricity.

The extruded sections’ profile for steady-state conditions

was tested for each of the design generations and for a variety € AU6
of materials, including ABS, PA (nylon), PLA, PC, TPE, € AU4 €4 AUS
thermoplastic polyurethane (TPU), and others. Figure 4 €F4

provides a set of cross-sections for the first generation of
designs (e.g., Fig. 1c) on a static stand for a 50% shell/50%
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FIG. 3. Wall shear stresses for the (a) multirunner flow geometry and (b) spiral flow geometry. Melt pressures for (c¢) the
multirunner flow geometry and (d) spiral flow geometry. The spiral flow geometry results in higher shear stresses and melt
pressures when compared with the multirunner geometry.

a

Co-Extrusion Center Pin  Tri-Clover Center Pin 8 Stage Static Mixer Biased Center Pin

ABS/PC ABS/PC ABS/PC PA/TPE

AUIS» FIG. 4. Extrudate cross-sections produced from design iteration 6 (Fig. lb).23 (a) Used a circular core—shell cross-section
and (b) used a circular shell with three independent cores to provide a three-leaf clover core shape. The results shown in (c)
were collected with an eight-stage static mixer mated with the triclover center valve pin.

5
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Trial 1 -75/25

FIG. 5.

Cross-sections for a single trial of each material ratio. The green shell material is MatterHackers ABS and the

black core is Raise3D PC. All ratios are core—shell. The trials were conducted using the third-generation hot end (Fig. 1d).

ABS, acrylonitrile butadiene styrene; PC, polycarbonate.

core blend of ABS/PC. The section of Figure 4a indicates
reasonable concentricity of the core material within the shell.
The clover section of Figure 4b showed that multiple flow
outlets could be provided on the pin nozzle to provide lobes to
interlock the core and shell materials. The 8-stage static
mixer of Figure 4c failed to provide dispersion of ABS within
the PC, but resulted in an interesting lamellar structure with

layers on the order of 0.1 mm. Lastly, the biased center pin of
Figure 4d showed the ability to procure crescent moon shapes
in other materials such as PA/TPE.

The cross-sections of roads for the third-generation nozzle
design (Fig. 1d) with the multirunner design (Fig. 2a) are

shown in Figure 5 for varying mixtures of ABS/PC. Gen- €F5

erally, the multirunner design produced circular extrudates

TABLE 2. MEASURED CROSS-SECTIONAL MATERIAL COMPOSITION FOR EACH TRIAL

Defined: 25% shell/75% core

Defined: 50% shell/50% core

Defined: 75% shell/25% core

Trial Measured % shell Measured % core Measured % shell Measured % core Measured % shell Measured % core
la 29.5 70.5 51.5 48.5 73.4 26.6
1b 24.7 75.3 49.7 50.3 70.4 29.6
1c 27.2 72.8 52.4 47.6 73.0 27.0
2a 23.4 76.6 51.5 48.5 71.4 28.6
2b 28.6 71.4 46.9 53.1 72.4 27.6
2¢c 27.7 72.3 52.9 47.1 73.0 27.0
3a 26.7 73.3 50.3 49.7 72.5 27.5
3b 23.7 76.3 48.7 51.3 739 26.1
3¢ 25.7 74.3 49.0 51.0 73.0 27.0
Average 26.0 74.0 50.0 50.0 73.0 27.0

Three material ratios were tested: 25% shell/75% core, 50% shell/50% core, and 75% shell/25% core.
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with a rounded square core. The shape of the core is due to the
bifurcating nature of the multirunner flow, in which four
flows recombine near the central bore. There is a small
pressure gradient around the circumference of the inner bore
such that more of the shell material is admitted into the center
bore, which results in the inward deflection of the core ma-
terial and the formation of the square-shaped core. The
measured material ratios of the extrudate cross-sections are
presented in Table 2.

Dynamic material transitions

The switchover timescale during dynamic transitions from
one material to a second material were tested. Specifically,
the serpentine pattern in Figure 6 was printed to evaluate the
material ratio controllability, characterize the concentricity
of the deposited roads, and to view the transient behavior
when printed at different volumetric flow rates. This method
of analysis has been performed by Big Areas Additive
Manufacturing (BAAM).'®!'7 The serpentine patterns were
printed using two different colors of PLA (blue and yellow)
as shown in Figure 6 using the second and third-generation
printhead designs of Figure lc (top) and Figure 1d (bottom),
respectively.

The color transition time was determined by analyzing the
hue color value along the deposited road. The hue, saturation,
and value (HSV) plot of the deposited road is shown in
Figure 7. The hue value is the color inspection portion of
HSV, which expresses a number from 0 to 100. The hue value
characterizes the road color; yellow is a hue of 20%, while a
hue >55% represents blue. Based on the superimposed path
and the associated hue values (Fig. 7), the design of Figure 1c
took 108.9mm to transition from blue (shell material) to
yellow (core material) and 194.7 mm to transition from yel-
low to blue. The longer transition from blue to yellow is due
to the differing bore flow volumes associated with the shell
and core within the hot end. The blue PLA was loaded into
the shell inlet, which has a larger flow bore volume than the
core due to the flow geometry needed to enable the shell
polymer to flow around the core.

The material transition time was also validated for the
third-generation hot end with the multirunner nozzle die
(Figs. 1d and 2a). The serpentine print is shown in Figure 6

7

(bottom), the corresponding hue analysis results are shown in
Figure 7 (bottom), and the resulting analysis is presented in

Table 3. The transition from blue to yellow occurred in €T3

21.2 mm of deposited road and the transition from yellow to
blue occurred in just 3.3 mm. This transition time is greatly
reduced when compared with the results presented in Figure 7
(top) for the design of Figure lc. Using the multirunner
nozzle design (Fig. 1d), the transition time has decreased by
87.8 mm (80.6%) when transitioning from blue to yellow,
and the transition from yellow to blue has decreased by
191.4 mm (98.3%). This reduction in transition time not only
decreases print time and material wastage, but also increases
the capability to change material ratios within a single printed
part.

Test prints

The application capabilities of the hot end were demon-
strated by printing a living hinge, a tensile bar with graduated
material segments using the second-generation design
(Fig. 1c), and toughened impact specimens with stability with

respect to thermal annealing. The living hinge (Fig. 8 top) €F8

was printed from black PLA for the rigid ends, a 50% PLA/
50% TPU coextrudate for the chamfered portions, and neat
TPU for the thin center. PLA and TPU are not compatible
materials, and thus will not adhere to each other when printed
in contact with each other; however, the coextrusion and
blending of the two materials provided adequate mechanical
interlocking between the deposited roads to create a fully
functional hinge for soft robotic applications.''

A graduated tensile bar (Fig. 8 bottom) was printed with
different material ratios along the length of the bar using two
different colors of PLA to investigate the ability to custom
tailored properties throughout a single print by transitioning
from 100% white PLA and transition to 100% black PLA by
increments of 25%. The translation between the black and
white regions of the print is observable and indicative of the
relatively long dynamic transition associated with the
second-generation printhead design.

An application area of interest for a system like FD3M is in
the printing of high-impact ABS-PC annealed components. ™
Using the third-generation design, test specimens
(62.10x12.7x3.0mm) were printed with 100% ABS and

IISmm

100 mm

FIG. 6. Serpentine test print pattern (a) for the second-generation hot end (Fig. 1c) and (b) third-generation hot end using
the multirunner flow geometry (Fig. 1d). A blue filter has been applied as the images were taken in different years with
different lighting. (c) Displays the dimensions of the serpentine pattern used to test the different hot end generations.
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FIG. 7. (a) Hue transition analysis for Figure 6a serpentine pattern, which was printed using the second-generation hot end

(Fig. 1c) and (b) is the hue transition analysis for Figure 6b, which was printed using the third-generation hot end (Fig. 1d).
The material transition using the third-generation hot end decreased by 80.6% when transitioning from blue to yellow and by

98.3% when transitioning from yellow to blue.

50% ABS shell and 50% PC core. The specimens were then
annealed to investigate the dimensional change. The hy-
pothesis is that the PC core with its higher glass-transition
temperature (7,) will provide support to the ABS shell during
annealing, reducing any dimensional change.3’5’20 The
specimens were printed parallel to the axial direction (hori-
zontal) and perpendicular to the axial direction (vertical).?'*>
For each orientation, three 100% ABS specimens and three
50% ABS/50% PC were printed for a total of nine specimens.
The specimen dimensions were measured before and after
annealing at 110°C for 48 h.

The horizontally printed specimens exhibited dimensional
changes as presented in Table 4. The annealed 100% ABS «€T4
specimen is substantially longer when compared with the an-
nealed 50% ABS/50% PC specimen. The horizontal 100%
ABS shrank on average by 8.64% in the x-direction and by
1.24% in the y-direction, while expanding by 11.14% in the
z-direction, representing an order of magnitude decrease in
dimensional change. The dimensional stability results for the
vertically printed specimens are provided in Table 4. Whereas,
the horizontal specimens visually shrank in height, the vertical
specimens visually became taller in the z-direction after
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TABLE 3. TRANSITIONAL LENGTHS REQUIRED TO CHANGE FROM ONE COLOR TO ANOTHER, WHERE BLUE PLA
Is LOADED INTO THE SHELL INLET AND YELLOW PLA Is LOADED INTO THE CORE INLET
Blue to yellow Yellow to blue Average
Generation 2 (Fig. 1c) 108.9 mm 194.7 mm 151.8 mm
Generation 3 (Fig. 1d) 21.1 mm 3.3 mm 12.2mm
Decrease generation 2 to generation 3 80.6% 98.3% 92.0%

Using the third-generation hot end, an 80.6% decrease in transient distance was observed when transition from blue to yellow and 98.3%

when transitioning from yellow to blue.

annealing. The vertically annealed 100% ABS specimens on
average shrunk in the x-direction by 5.5% and expanded in the
y and z-directions by 0.91% and 4.42%, respectively. The
resulting standard deviation for the only ABS specimens was
7.08% and 0.24% for the ABS/PC specimens. The reduced
dimensional change presented in the postannealed ABS/PC
specimens confirms the hypothesis that the addition of PC’s
increased glass-transition temperature provided a structural
support to the ABS shell during annealing.

Discussion
Objectives and tradeoffs with constraints

Using the knowledge gained from the design iterations and
validation work of the FD3M system, principal objectives
and constraints have been established. The primary objec-
tives were: (1) low residence times (performance measured

FIG. 8.

by the statistical characterization of time from inlet to outlet
for each material), and (2) minimized material transition
times (performance measured by the time to transition be-
tween different segments of deposited material). Both of
these objectives are improved by reducing the internal flow
channel volumes as driven by flow channel lengths and di-
ameters/thicknesses/widths. However, the minimization of
the flow channel dimensions will tend to result in increased
melt pressure and decreased melting capacity. As such, the
system optimization is limited by current constraints for
typical FFF extruders, including a maximum melt pressure of
10 MPa and minimum melting capacity of 5 mm?/s.

Current mechanical design

The implementation of the original spiral flow manifold
(Fig. 1c) indicated that the material transition time shown in

Printed test applications: (a) living hinge, which used PLA for rigid portions and TPU for hinging portions, and (b)

AUL6» graduated tensile bar, which used white and black PLA. PLA; TPU, thermoplastic polyurethane.
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TABLE 4. DIMENSIONAL CHANGE OF ANNEALED SPECIMENS
Horizontal Vertical
Print direction
Specimen dimension X Y Z X Y Z SD
ABS —8.64% —1.24% +11.14% -5.50% +0.91% +4.42% 7.08 %
ABS/PC —0.21% 0% +0.33% -0.21% 0% +0.33% 0.24%

PC, polycarbonate; SD, standard deviation.

Figure 7 was not sufficiently rapid enough for use in FD3M
printing processes without a purge step. The shorter the
material transition time, the more capable the hot end will be
at providing different materials within a single printed
component. The previous design iterations were designed
based off the assumption that the transition time would be
solely dependent on the volume of the flow channels where
the two materials are combined. However, validation work
suggests that the compressibility and/or pressure drop
within could cause backflow of one material into the in-
correct flow channel. This realization of backflow meant
that the volume of the entire polymer feed system needed to
be minimized.

The third generation incorporating the flow manifold on
the surface of the nozzle (Fig. 1c) is believed to be the sim-
plest possible design. In theory, the nozzle could be inte-
grated with the fastening plate that retains the nozzle from
below. In practice, however, the nozzle’s small size allows it
to be quickly and easily produced from processes such as
casting and precision DMLS. The modular design allows for
rapid exchange of the nozzle and the investigation of dif-
ferent nozzle bore designs. Ongoing research is exploring the
spiral geometry (Fig. 2b) as well as static mixers (Fig. 4c) and
other “X”* and clover sections (Fig. 4b) for a variety of
materials.

Conclusion

The research and development of FD3M has involved
machine and system design, as well as simulation and vali-
dation work across 3 concept generations and 14 different
design iterations. Lessons with respect to manufacturability,
material flow, and thermal control were learned from these
iterations, with the latest die nozzle-based design encapsu-
lating all the insights gained from previous iterations. The die
nozzle designs’ novel interchangeable hot end flow channel
opens up the possibility to investigate different flow channel
designs without the need of manufacturing an entirely new
print head, hence allowing for decreased downtime during
the iterative design process. Validation work with the die
nozzle-based design has shown promising results, including
90% reduction in transition time, compared with prior design
generations, as well as benefits in printing applications, in-
cluding the dynamic dispensing of varying materials within a
printed road and improved dimensional stability in printing
ABS/PC composite structures.”

Acknowledgment

The authors would like to thank Gustavo Medeiro and
Antoine Delarue for their help in operating the experimental
printer and expertise of cryofracture.

Authors’ Contributions

R.G.L.: methodology, validation, investigation, and writing—
original draft. C.J.H.: writing—review and editing, supervi-
sion. D.O.K.: conceptualization, methodology, software’s,
writing—review and editing, and supervision.

Disclaimer

Any opinions, findings, and conclusions or recommenda-
tions expressed in this material are those of the author(s) and
do not necessarily reflect the views of the National Science
Foundation or the sponsors.

Author Disclosure Statement

No competing financial interests exist.

Funding Information

This material is based upon work supported by the Na-
tional Science Foundation under grant number IIP-1822147
(Phase I TUCRC at University of Massachusetts Lowell:
Center for Science of Heterogeneous Additive Printing of 3D
Materials [SHAP3D]) and from the SHAP3D I/UCRC
Members: U.S. Army DEVCOM Soldier Center; U.S. Army
DEVCOM Armaments Center; HP, Inc.; Hutchinson; In-
tegrity Industrial Ink Jet Integration LLC; Raytheon Tech-
nologies; Stratasys Ltd; A.D.A.M; Akita Innovations; Greene
Tweed; Karagozian & Case; Sandia National Laboratories;
Desktop Metal; Boeing Company; Triton Systems, Inc.;
Mide; Nanoptics; and U.S. Air Force Research Laboratory.

Supplementary Material

Supplementary Data S1
Supplementary Data S2
Supplementary Data S3
Supplementary Data S4
Supplementary Data S5
Supplementary Data S6
Supplementary Data S7
Supplementary Data S8

References

1. Standard Terminology for Additive Manufacturing Tech-

nologies.

Ngo TD, Kashani A, Imbalzano G, et al. Additive

manufacturing (3D printing): A review of materials,

methods, applications and challenges. Compos Part B Eng

2018;143:172-196.

. Calignano F, Manfredi D, Ambrosio EP, et al. Overview on
additive manufacturing technologies. Proc IEEE 2017;105(4):
593-612.

2.

<4AUl4

<4AU8

<4AU9

<4AU10



3DP-2022-0197-ver9-Lahaie_1P-new.3d 01/11/23 6:48pm Page 11

AUL1 P

AUL2 D

FD3M THROUGH DYNAMIC COAXIAL EXTRUSION

4.

10.

13.

14.

15.

Gao W, Zhang Y, Ramanujan D, et al. The status, chal-
lenges, and future of additive manufacturing in engineer-
ing. Comput Aided Des 2015;69:65-89.

. Hart KR, Dunn RM, Wetzel ED. Tough, additively man-

ufactured structures fabricated with dual-thermoplastic fil-
aments. Adv Eng Mater 2020;22(4):1901184.

. Dunn RM, Hart KR, Wetzel ED. Improving fracture

strength of fused filament fabrication parts via thermal
annealing in a printed support shell. Progr Addit Manuf
2019;4(3):233-243.

. Peng F, Jiang H, Woods A, et al. 3D printing with core—

shell filaments containing high or low density polyethylene
shells. ACS Appl Polym Mater 2019;1(2):275-285.

. Khondoker MAH, Ostashek A, Sameoto D. Direct 3D

printing of stretchable circuits via liquid metal co-extrusion
within thermoplastic filaments. Adv Eng Mater 2019:
1900060.

. Khondoker M, Sameoto D. Design and characterization of a

bi-material co-extruder for fused deposition modeling; 2016;
V002T02A60.

Khondoker MAH, Sameoto D. Enhanced bonding of im-
miscible polymers via intermixed co-extrusion in fused
deposition modelling; 2018.

. Khondoker MAH, Asad A, Sameoto D. Printing with me-

chanically interlocked extrudates using a custom bi-
extruder for fused deposition modelling. Rapid Prototyp J
2018;24.

. Duda T, Raghavan LV. 3D metal printing technology.

IFAC-PapersOnLine 2016;49(29):103-110.

General Guidelines for Steel Prints. Available from: https://
i.materialise.com/en/3d-printing-materials/steel/design-guide
Wypych G. 2. Mechanisms of Adhesion. In: Handbook of
Adhesion Promoters. ChemTec Publishing; 2018.

Coogan TJ, Kazmer DO, J. CT, et al. Modeling of inter-
layer contact and contact pressure during fused filament
fabrication bond and part strength in fused deposition
modeling. J Rheol 2019;63(4):655-672.

19.

20.

21.

22.

23.

1

. Brackett J, Yan Y, Cauthen D, et al. Characterizing material

transitions in large-scale. Addit Manuf 2021;38:101750.

. Sudbury Z, Duty C, Kunc V, et al. Characterizing material

transition for functionally graded material using big area
additive manufacturing. In: 27th Annual International Solid
Freeform Fabrication Symposium, Austin, TX; 2016.

. Mutlu R, Alici G, Panhuis Mih, et al. Effect of flexure

hinge type on a 3D printed fully compliant prosthetic fin-
ger. In: 2015 IEEE International Conference on Advanced
Intelligent Mechatronics (AIM); 2015 7-11 July 2015.
Yamamura S, Iwase E. Hybrid hinge structure with elastic
hinge on self-folding of 4D printing using a fused deposi-
tion modeling 3D printer. Mater Des 2021;203:109605.
Koker B. Design and Characterization of Dual-Material
Fused Filament Fabrication Feedstock for Enhanced Dif-
fusion [M.S.Eng.]. University of Massachusetts Lowell:
Ann Arbor, MI, USA; 2021.

Torrado AR, Roberson DA. Failure analysis and anisotropy
evaluation of 3D-printed tensile test specimens of different
geometries and print raster patterns. J Fail Anal Prev
2016;16(1):154-164.

Zaldivar RJ, Witkin DB, McLouth T, et al. Influence of
processing and orientation print effects on the mechanical
and thermal behavior of 3D-Printed ULTEM® 9085 Ma-
terial. Additi Manuf 2017;13:71-80.

Lahaie RG. Fused Deposition Manufacturing of Multiple
Materials Via Co-Extrusion [M.S.Eng.]: University of
Massachusetts Lowell; 2020.

Address correspondence to:

Robert G. Lahaie

Department of Mechanical Engineering
University of Massachusetts Lowell
Lowell, MA 01854

USA

E-mail: robert_lahaie @uml.edu



3DP-2022-01

AULl:
AU2:
AU3:

AU4:
AUS5:
AUG6:
AUT:
AUS:
AU9:

AUI10:
AULL:
AUI2:
AUI13:
AU14:
AUIS:
AUl6:

97-ver9-Lahaie_1P-new.3d 01/11/23 6:48pm Page 12

AUTHOR QUERY FOR 3DP-2022-0197-VER9-LAHAIE_1P

Please identify (highlight or circle) all authors’ surnames for accurate indexing citations.

Please confirm the correctness of authors’ affiliations.

Please include IRB approval or waiver statement in the Materials and Methods section. The Clinical Trial Re-
gistration number, if applicable, should be included at the end of the abstract.

Please define “PA.”

Please define ““PLA.”

Please define “TPE.”

Please expand “DMLS.”

Please provide the grant numbers for funding agency(ies)/institution(s).

Supplementary Data S1-S8 are not cited in the text. Please insert the citations in the text.

In Refs. ‘1, 9, 10, please provide the other publication details or URL with date you last viewed the website.
Please provide the date you last viewed the website for Reference 13.

In Ref. ““14,” please mention the editors’ name and publisher’s location.

Please define ““PLA.”

Please mention the significance of “‘bold” in Table 4.

Label ““d” is present in Fig. 4, but not mentioned in the figure legend. Please check.

Please define ““PLA.”

EDITOR QUERY FOR 3DP-2022-0197-VER9-LAHAIE_1P

EQI1: Please check the article type.



