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Abstract

- Henrik Petterson' - Jonathan Olofsson? - Philip Palmaer®

This work presents a single-nozzle/bi-extrusion FDM technology featuring two material inputs and heating sections con-
nected with a mixing device with a reinforced mixing mechanism. The device ensures uniform mixing of materials, consist-
ent print quality, and functionality, while an air-cooling system allows printing with materials having different solidification
temperatures. Trials with six Dryflex TPEs demonstrated precise regulation of material flows, enabling dynamic adjust-
ment of material blends and creation of multiple functionalities in one product. The technology also creates functionally
graded materials (FGMs) in transition zones, improving interlayer adhesion and mechanical performance. This advancement
enhances production flexibility, efficiency, and product quality, and expands material availability for additive manufacturing.

Keywords Multi-material 3D printing - Functionally graded materials (fgms) - Uniform material mixing - Seamless

material transition

1 Introduction

Achieving sustainable industrial and economic develop-
ment presents a global challenge, necessitating a significant
transformation of current production and value chain man-
agement practices. Additive manufacturing (AM), a swiftly
advancing technology has the capacity to reshape key ele-
ments of product design, manufacturing processes, distribu-
tion networks, and supply chains [1]. AM offers numerous
benefits, including the remarkable ability to create intricate
structures, significantly reduce material waste, and enhance
cost-effectiveness, particularly for small production runs.
Moreover, the application of AM technologies in various
industries has expedited product development cycles, ena-
bled personalization and on-demand production, and facili-
tated the production of complex components previously
deemed challenging to manufacture. Industries ranging
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from consumer goods and healthcare to automotive and
aerospace have already recognized and embraced its poten-
tial [2, 3]. Yet, challenges remain that must be addressed
to fully unleash the capabilities of AM, including the need
for advanced AM technologies, more robust quality control
measures, and a wider selection of material options.

Extrusion-based 3D-printing technology commonly
known as Fused Deposition Modelling (FDM) or Fused Fila-
ment Fabrication (FFF), is a prominent AM technology [4,
5]. Developed by S. Scott Crump in the late 1980s, FDM has
seen significant advancements over the last 10 to 15 years, in
terms of materials, processes, and applications [6]. FDM has
evolved into one of the most popular and extensively used
3D-printing technologies, with applications across diverse
industries [7]. It is utilized for tasks ranging from rapid pro-
totyping to the manufacture of end-use parts. The accessibil-
ity and adaptability of FDM have significantly contributed
to its widespread adoption and ongoing advancements in the
field of AM [7].

Commercial FDM systems commonly rely on a single
structural material. Nevertheless, there is a discernible trend
towards development of multi-material techniques which
enable fabrication of intricate and exceptionally functional
products with unparalleled complexity [1]. Prajapati et al.
demonstrated a concept of light weight closed-cell lattice
structures, where the closed-cell lattice structures were 3D
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printed with thermoplastic polyurethane (TPU) filaments
while the close-cell was filled with polyurethane (PU) foam
[8]. The multi-material closed-cell foam-filled lattice struc-
tures exhibited enhanced mechanical and functional proper-
ties such as higher stiffness, energy dissipation, and damping
characteristics.

Existing multi-material FDM systems can be categorized
into two main groups: those equipped with either a single
extruder or multiple extruders [9, 10]. The single extruder
system is enhanced either through software modifications
enabling filament swapping or through additional hard-
ware like the Mosaic Palette. The multiple extruders sys-
tem extends the single extruder method by integration of
several extruders one per material, side-by-side. RoVa3D
is one such system, equipped with five nozzles for five fila-
ments [11].

An object printed with multi-nozzle/multi-feed FDM sys-
tems has binary material (interlayer) interfaces. The quality
of interlayer adhesion between the material layers is crucial
in determining the overall strength of the print [12]. While
this may not be an issue for 3D color printing, where identi-
cal base materials are used in all color filaments, it is often
a concern when printing with dissimilar materials. Lopes
and colleagues [13] studied the interlayer adhesion between
PLA and two immiscible polymers, TPU and PET. Zebra
crossing-like tensile test specimens were printed with dual-
material/dual-printing heads. The tensile strengths of the
hybrid material test specimens were 6.5 MPa for PLA-TPU
and 12.2 MPa for PLA-PET combinations, while the ten-
sile strengths of the pure materials were 64.0 MPa for PLA,
30.3 MPa for TPU, and 47.7 MPa for PET. The dramatic
decreases in tensile strength values for the hybrid material
test specimens were due to poor adhesion at the interfaces
between the immiscible materials. A similar study was con-
ducted by Baca et al. [14].

In addition to multi-nozzle/multi-feed FDM systems, sin-
gle nozzle/multi-feed FDM printers using filament materials
as inputs are also documented in the literature. Khondoker
et al. presented a bi-extruder FDM system capable of print-
ing two thermoplastic filaments through a single output noz-
zle using a static inter-mixer for the input materials [15]. In
this configuration, two material streams were merged within
the converging section, forming a mechanical interlock, and
were subsequently deposited onto the previously printed
layer through the single-nozzle orifice. While the mechani-
cal interlock somewhat improved adhesion between the
input materials, the inter-mixer failed to blend the materials
homogeneously, as observed from the microscope images
of cross-sections of the extrudates [15]. In addition, several
open-source FDM systems with similar characteristics from
the hobbyist community have emerged [9]. These systems
have mainly been used to build 3D parts in color using color
filaments made of the same base material, like PLA [15].
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The necessity to convert materials into filaments limits the
material availability and, in turn, the applicability of these
systems in broad industrial application.

Functionally graded materials (FGMs) are a novel type
of engineering material whose properties gradually change
with position [16, 17]. AM has great potential in function-
ally gradient additive manufacturing (FGAM), enabling a
radical shift from contour modelling to performance mod-
elling [18]. Methods such as material jetting, laser metal
deposition, and powder metallurgy have been instrumen-
tal in fabricating intricate FGM structures with enhanced
functionalities [16]. For example, Mora and colleagues [19]
experimented with 3D-printed architected lattice structures
using a material jetting process. They utilized multiple noz-
zles to deposit droplets of various photopolymers, which
were subsequently cured by UV light. Reichardt and his
team provided an exhaustive overview of advancements in
AM concerning metal-based FGMs, encompassing the fab-
rication of FGMs using an array of stainless steel, nickel,
titanium, and copper alloys [20].

Several works on FGAM using FDM technology have
been reported in recent reviews [16, 18]. Among these, Li
et al. printed FDM models using two separate extruders:
one for acrylonitrile butadiene styrene (ABS) filament as
the model material and another for wax as the support mate-
rial [21]. By switching the extruders at will, they fabricated
structures with different mechanical properties. Multi-mate-
rial FDM systems equipped with a converging and static
mixing device that combines material streams into a single
output nozzle represent the state of the art in FDM technol-
ogy [14, 15]. This technology allows the fabrication of FDM
models with variable material mixing ratios. Very recently,
researchers have developed a two-step process for multi-
material FDM 3D printing, called blended FDM or b-FDM,
to create parts with specific gradient material properties
[22]. A dual-extruder system is used in the first step to cre-
ate an intermediate filament, by depositing base materials
layer by layer. The 3D printed filament, having programmed
material blends in different sections, is manually fed to one
of the extruders of the dual-extruding system to create the
final print with variable material compositions & properties
within the same printed part.

Existing multi-material FDM methods, whether multi
nozzle or single nozzle, have limitations. The multi-noz-
zle FDM method creates discontinuities in the structure
when switching from one material (nozzle) to another.
This material switching not only takes time but also
deteriorates mechanical performance, as the discontinu-
ity often becomes the weakest link in the structure. The
multi-feed, single-nozzle FDM systems equipped with a
static mixer may not achieve homogeneous material mix-
ing, as observed in previously reported studies [15, 23].
In addition, these systems cannot process materials other
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than filaments. The need for filament conversion increases
material costs and limits material availability and flexibil-
ity for industrial applications. Moreover, there are chal-
lenges in building parts with materials that have signifi-
cantly different thermal properties, such as melting, glass
transition, and solidification temperatures. Reinforced
cooling to maintain the shape of the freshly printed layer
can be crucial, as will be discussed later.

In this work, we introduce a new bi-extruding system
that can cope with polymeric granulates. With the inbuilt
reinforced mixing and cooling mechanisms, the system
facilitates homogeneous material mixing and dynamic &
seamless material transitions. This allows one to create
intricate structures and broad functionalities with a few
material combinations. Materials compatibility was only

a)

zone

Mixing

Fig. 1 The multi-material FDM printing system. a Illustration of the
working principle, b the converging & mixing device with the insert
for reinforced mixing, ¢ a close-up of the insert for reinforced mixing,

explored in short term in the present work, no long term
durability was extensively dealt with.

2 Materials and methods

2.1 Working principle of the multi-polymer FDM
printer

The multi-material FDM printer is equipped with two
extruders but only one output nozzle. The working prin-
ciple and structural details are depicted in Fig. 1a, where
two material streams converge and mix in the mixing zone,
and the blended material is ejected from the output nozzle.
Figure 1b shows the inner structure of the mixing device,

d a close-up view of the output nozzle of 2 mm, surrounded by the
air-cooling device
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which includes a reinforced mixing mechanism inserted
into the mixing zone. The insert facilitates material mix-
ing within a short mixing length. Figure 1c is a close-up
of the reinforced mixing insert, which consists of multiple
interconnected comb-like structures in two orientations that
are perpendicular to each other. For an easier appreciation,
solid and dashed arrows are added, pointing to some slop-
ing comb-like structures. These structures force the material
streams to merge and split multiple times, facilitating mate-
rial mixing, before being jetted out. Finally, Fig. 1d offers
a close-up view of the output nozzle (no shown in Fig. 1b),
which connects to the end of the mixing insert. By employ-
ing nozzles with different opening sizes, filaments of differ-
ent diameters can be ejected.

The heating temperatures and material flows in the
respective extruding channels can be separately regulated
through software. This allows the relative portions of the
materials to be dynamically regulated at will in the printing
(production) run, enabling continuous and seamless transi-
tions in material composition and functionality. To accom-
modate materials with significantly different solidification
temperatures or softness, an air-cooling system is incorpo-
rated around the orifice, as shown in Fig. 1d. The cooling
air regulates and accelerates the solidification of the freshly
deposited layer, maintaining its shape and enabling uninter-
rupted 3D printing of various material compositions.

2.2 Materials

The materials tested in this work included six Dryflex TPEs
(thermoplastic elastomers) provided by Hexpol TPE AB,
comprising three soft and three hard variants. These TPEs
span a broad range of hardness and rheological character-
istics as indicated in Table 1. The softest TPE has a hard-
ness of 35 Shore A, while the hardest has a hardness of
70 Shore D. The choice of materials was motivated by the
need to achieve a wide of range of mechanical properties

Table 1 Information of the Dryflex TPEs materials. #547 was made
with addition of glass fiber

Materials ~ Hardness MFR Comment

Product No Shore A Shore D [g/10 min]

#548 35 28
(190 °C/2.16 kg)
#550 45 11
(190 °C/2.16 kg)
#309 48 134
(190 °C/5.0 kg)
#310 67 17,8
(190 °C/5.0 kg)
#546 70 40 (190 °C/5.0 kg)
#547 70 15 (190 °C/5.0 kg) With glass fiber
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important for the intended demonstrative applications, such
as protheses and orthoses. In the table, the numbers in the
fourth column represent the mass flow rate (MFR) of the
materials, with the numbers in parenthesis indicating the
testing temperature and the pressure applied during the MFR
measurements. Regardless of the hardness, the MFR varies
significantly between materials. For example, material #547
has essentially the same hardness (70 Shore D) as material
#546, but its MFR is only about one-third of that of material
#546, likely due to the inclusion of glass fibre in material
#547.

In addition to their diverse mechanical properties, the
TPEs also exhibit a broad range of optical properties, from
highly transparent to opaque. Figure 2 shows the appear-
ances of the six TPEs used in this work. Visual inspections
revealed that #309 is the most transparent, followed by #310,
and #550. Materials #546 and #548 have lower transparency,
while the glass fiber containing material #547 is opaque.

2.3 Mechanical tests of 3D printed samples
and demonstrator

Two types of printed samples were created for mechanical
test according to ISO 3167 [17]. Various combinations of
the materials listed in Table 1 were utilized to produce these
samples, incorporating different ratios of material mixing.
For simplicity, without losing generality, material blends
in five distinct mixing ratios (0:100, 25:75, 50:50, 75:25,
100:0) in v% were reported.

The test specimens were fabricated with line patterns in
two orientations relative to the mechanical testing direction,

Fig.2 Images of the Dryflex grade TPEs, three soft TPEs (top row),
three hard TPEs (bottom)
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as indicated by the double-arrowed lines in Fig. 3. In sample
A, the printed line patterns align parallel to the mechanical
testing direction. Conversely, in sample B, the line patterns
run perpendicularly to the mechanical testing direction (Z).
Hence, letter Z is added to the name of the type B samples.

Two additional test specimens were created to demon-
strate the difference in interlayer adhesion between the
test pieces built with the multi-nozzle method and those
built with the present method. In Fig. 4, samples in the
hexagonal column (left) and the square column (right)
were created with the same pair of materials, e.g. soft
TPE (#550) and the hard TPE (#546). The data labels in
the figure indicate the relative volume percentages of the
soft TPE (#550) in the respective sections. The hexagonal
column has binary interfaces between adjacent sections,
similar to prints with multiple output nozzle method, as
there was a purge process before switching to a new mate-
rial ratio. In contrast, the printing process of the square
column was uninterrupted when switching to a new mate-
rial ratio, resulting in a seamless material transition. The

standard test specimens were then derived from the hex-
agonal and square columns, respectively, by laser cutting.
Detail discussions on the impacts of the material transition
interfaces will be given in Sect. 3.

Printing an object with sections of multiple material
compositions is achieved by creating virtual tools in the
printer’s hardware. These tools operate consecutively, with
the ending position of the current tool being the same as
the starting position of the next. Each virtual tool has two
extruder outputs, A and B, corresponding to two material
inputs to the mixing device, whose sum equals unity.

For example, to print an object consisting of two sec-
tions with different mixing ratios of materials #309 and
#546, such as 75% (#309) & 25% (#546) and 30% (#309)
& 70% (#546) in volume, two virtual tools are needed. In
tool #1, the extruder outputs are 0.75 for extruder A (#309)
and 0.25 for extruder B (#546). In tool #2, the correspond-
ing extruder outputs are: 0.30 for extruder A (#309) and
0.70 for extruder B (#546).

Fig.3 The layouts of mechanical test specimens with their building directions along or cross the mechanical testing direction indicated by the

double-arrowed lines
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Fig.4 Images of the hexagonal
column (left) and the square
column (right) printed with
mixtures of two TPEs, the soft
TPE (#550) and the hard TPE
(#546), in five relative mixing
ratios. The data labels indicated
the relative volume percentages
of the soft TPE. The hexagonal
column had binary interfaces
between the adjacent sections
while the square column had
Functionally graded material
zones

Since all the virtual tools correspond to the same physi-
cal printer hardware, there is no interruption in the printing
process during the transition. Moreover, when transiting
from tool #1 to tool #2, the material compositions change
gradually, creating an FGM zone rather than binary material
transition (interface), which benefits layer-to-layer adhesion.
This approach allows for the realization of any number of
virtual tools with different mixing ratios.

A universal testing machine, MTS 400/M, equipped with
pneumatic grips and a 2 kN load cell, was used for tensile
testing. The tests were conducted at a rate of 50 mm/min.
The results are presented in next session.

3 Results and discussions

3.1 Mechanical properties of different material
blends

The mechanical testing data of the standard test pieces,
directly 3D printed or type A, is collectively presented in
Table 2. The data correspond to four pairs of the TPE mate-
rials, one soft and one hard in each pair. The relative por-
tions of the materials in each pair varied in four equally
spaced nominal intervals, 100% to 25% for the soft material
or 0 to 75% for the hard one.

In the table, data in column 4 are the peak stress val-
ues at which the test samples either broke or reached the
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maxima of their stress curves. The strain at break of the
test samples is given in column 5, where the data in red
denote the never broken sample when its tensile strain
exceeded 550%. In addition to the peak stress values,
Young’s modulus (column 6), yield stress (column 7),
and yield strain (column 8) indicating the range of elastic
deformation have also been given in the table.

Plots in Fig. 5 were plotted from the mechanical data
shown in Table 2. The mechanical properties of the mate-
rial blends vary nonlinearly with their relative material
compositions. For one pair of the materials, its peak stress
value is dominated by that of the hard material. Hence,
by varying the relative portions of the materials, one can
obtain material blends whose properties (functionalities)
span the whole range in between the properties offered by
the pair of materials.

The modulus and the yield-stress values follow similar
trend. On the contrary, the yield strain decreased non-lin-
early with the increasing percentage of the hard material.
Among the four plots in each figure, three of the plots
correspond to the material blends having the same hard
material (#547) but different soft materials, #309, #548,
and #550, respectively. It is obvious that the soft materi-
als also had strong impacts on the mechanical properties
of the material blends, even at high percentage of hard
material. This is positive in an application perspective as
it extends the range of the mechanical properties offered
by the material mixing.
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Table 2 Mechanical properties

. Material blends Peak Stress ~ Strainat ~ Modulus Yield stress  Yield strain
of the tensile test samples (type
A) printed by combining one Soft (%) Hard (%) (MPa) break (%) (MPa) (MPa) (%)
soft with one hard material
of the Dryflex grade. The 100 0 2,06 (0,09)  >550 2,7(0,1) 1,07 (0,06) 1509 (5,8)
measured values are from three Soft: #309 75 25 3,26 (0,38) >550 11,6 (5,4) 1,83 (0,28)  104,9 (25,6)
or more print samples Hard: #310 50 50 8,77 (0,67) 51(11)  204,0(23,5 7.93(0,61) 12,6 (1,0)
25 75 19,56 (0,18) 25 (8) 574,3 (28,2) 17,44 (0,25) 8,2(0,4)
100 0 2,06 (0,09) >550 2,7(0,1) 1,07 (0,06)  150,9 (5,8)
Soft: 309 75 25 4,05(0,07) >550 28,0 (0,1) 2,73 (0,05) 68,5 (0,6)
Hard: #547 50 50 11,43 (0,47) 16 (2) 421,8 (24,7) 10,03 (0,39) 6,3 (0,4)
25 75 32,57 (2,10) 7(1) 1301,2 (92,9) 25,78 (7,61) 3,6 (1,3)
100 0 1,70 (0,00)  >550 1,5(0,2)
Soft: #550 75 25 4,60 (0,17) 103 (8) 95,4 (4,2) 4,08 (0,19) 17,6 (0,8)
Hard: #547 50 50 27,25 (0,35) 8(0) 1038,8 (45,4) 24,42(0,31) 4,9 (0,1)
25 75 40,30 (0,00) 6 (1) 1370,5 (52,6) 36,46 (0,57) 4,4 (0,6)
100 0 2,25(0,07) >550 2,9 (0,0) 1,28 (0,09)  197.4 (25,6)
Soft: #548 75 25 4,70 (0,14) 503 (48) 65,8(2,9) 3,99 (0,01) 43,3 (1,6)
Hard: #547 50 50 21,00 (2,16) 7 (2) 913,1 (181,1) 18,89 (1,32) 4,5(0,8)
25 75 40,20 (1,70) 5(1) 1530,9 (68,5) 37,94 (1,01) 4,0(0,8)
50 35
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Fig. 5 Mechanical properties of the directly 3D printed dumb-bell pieces (type A) created with different pairs of the materials (one hard and one

soft). The x-axis is the relative portion of the hard material

3.2 Influence of building direction
on the mechanical properties

Figure 6 illustrates measurements of type B samples. The

samples were made of one soft TPE (#550) and two hard
TPEs, #546 and #547. The relative material ratios of the
soft to the hard are 100:0, 75:25, 50:50, 25:75, and 0:100,
respectively. As precedingly stated, the type B sample has its
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Fig.6 Mechanical properties of the dumbbell of type B having different material combinations (one hard and one soft)

building direction perpendicular to the direction for mechan-
ical testing, hence the letter Z has been added in the legend.

When comparing with the data of samples made of the
same material pair but with different building directions
(e.g., 550/547 Z shown in Fig. 6 compared to 550/547 shown
in Fig. 5), it is evident that at low content of the hard TPE
(<25%), their stress values differ only marginally. However,
the differences grow rapidly with increasing content of the
hard TPE. For example, the peak stress values of the type A
samples are about 20 MPa at 50% and 40 MPa at 75% of the
hard TPE contents while their corresponding values of type
B shown in Fig. 6 are about 6 MPa and 11 MPa, respectively.

The reason why the type B samples exhibited lower
mechanical properties compared to those of type A can prob-
ably be attributed to, at least, three origins as suggested by
Majko et al. [24], namely, cool joints or interfaces between
already deposited material and the just extruded filament,
smaller contact area of two adjacent filaments than the thick-
ness of the printing layer, and the alignment of glass fibers
along the printing direction, having essentially no contribu-
tion to the layer-to-layer strength. Thus, the mechanical val-
ues of type B mainly reflect the layer-layer adhesion of the
TPE material blends. Consequently, a high dosage of glass
fiber may even lead to deteriorated layer-to-layer bonding
strength, as observed below.
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The measurement of the material blends of 550/546Z is
also shown in Fig. 6, where the TPE #546 has the same
Shore D hardness as TPE #547 as shown in Table 1. Their
mechanical behaviors of the material blends, 550/546Z and
550/547Z, exhibit similar evolution with respect to the hard
material contents up to 75% of the hard TPEs beyond which
their relative magnitudes reverse in position. This may imply
that addition of glass fibers results in lower layer-layer adhe-
sion (binding strength) compared to that of its counterpart
without glass—fiber addition.

3.3 Adhesion and material transition interfaces

Figure 7 shows the standard test specimens derived from
the hexagonal and square columns shown in Fig. 4, both
before and after the tensile tests. The test specimens consist
of five sections, with the percentages of soft TPE in each
section indicated by the data labels. The break point of each
test specimen represents the mechanically weakest position.
Since the nominal material compositions of each test speci-
men are symmetric about its middle section, the mechanical
performance of the test specimens should also be considered
symmetric.

The images on the left of Fig. 7 show the test speci-
mens, before and after the tensile test, with binary
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(a) Binary material transitions

(b) Gradient material transitions

Fig. 7 Tensile test specimens consisting of multiple sections made of different material mixing ratios, where the data labels show the percent-
ages of the soft TPE. The test specimens have (a) sharp or binary material transitions and (b) gradient material transitions

material-transition interfaces —typical when using multi-
nozzle FDM systems. The images show that the mechanical
failures occurred precisely at the interfaces either above or
below the middle section, or at the interfaces between the
section with 75% and that with 25% of soft TPE. This indi-
cates weaker interlayer adhesion at these interfaces.

Conversely, for the test specimens with gradual material
transition zones created with the present method, shown on
the right half of Fig. 7, their positions of mechanical fail-
ures are in the middle of the sections consisting of 75% of
soft TPE rather than at any of their interfaces. This suggests
that the introduction of transition zones has indeed improved
interlayer adhesion at the interfaces, thereby enhancing the
overall mechanical strength of the printed part.

Figure 8 details the mechanical tests, where the dark grey
bars represent peak stress values, and the light grey bars
represent strain at break. The test specimens with gradual
transition zones have an average peak stress of 1.6 MPa that
is comparable to that of the 550/546 Z specimen shown in
the top left image of Fig. 6, where the peak stress of the
specimen, having 75% of #550 and 25% of #546, is about
1.7 MPa. This peak stress value of the test specimens with
gradual transition zones is about 30% higher than that with
binary interfaces. This difference should be considered as
significant because the adjacent sections were made of the
same materials, #550 and #546, differing only in their mix-
ing ratios. In case of interfaces between dissimilar materi-
als, for instance PLA-TPU or PLA-PET as demonstrated by
Lopes [13], their difference can be much greater.

The difference is more pronounced in the strain at
break. In the case of binary transition (light grey bar on

W Peak stress [MPa] Strain at break [mm/mm]

1,80
1,60
1,40
1,20
1,00
0,80
0,60
0,40
0,20 I

0,00

Binary transition FGM transition

Fig.8 Comparisons of the average peak tensile stress and the strain
at break of the test specimens shown in Fig. 7, having either binary
(left) or FGMs (right) transitions

the left), the strain at break is low or less than 20% since
the break occurred at the interfaces due to delamination.
While the strain at break is five times as much in the case
of gradual transition (light grey bar on the right) or with
100% strain at break. This is strong evidence saying that
the break occurred in the middle of the section with 75%
soft TPE, which is the weakest section among all sections
of the entire test specimen.
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3.4 Uniformity of material mixing

Figure 9 shows the image of the demonstrator, printed with
two polymeric granules—#309 with red pigment added and
#310 without. During printing, the relative portion of the red
material decreased gradually with height, while the color-
less material increased, resulting in continuous shift in color
shading. It is evident that the printed demonstrator exhibits
smooth transitions with height in both geometry and color.

To examine the efficiency of the reinforced mixing
device, prints with mixtures of colored polymeric streams
were made. Two color pigments, one red and one blue,
were added to the respective material inputs of the FDM
printer, one color per granulate input. The granulates melted
and mixed with the pigments in their respective extruding

Fig.9 3D shaped demonstrator created by mixing two polymer gran-
ulates, #309 with red additive and #310 color-less. The relative por-
tion of the red decreases gradually from the bottom to the top

sections. Then, the colored polymeric streams met and
mixed in the mixing section.

Figure 10 shows the reflective cross-section images of
two prints, captured with a stereo microscope, Nikon SMZ-
U. The magnification was 4x, giving an image of 5.2 mm in
length. The prints had two different mixing ratios, 25% red
& 75% blue and 50% red & 50% blue, respectively.

The images clearly show the contours of the printed pat-
terns layer-by-layer with good joint (interlayer adhesion)
between the layers. The mixing of the colored streams within
both prints was largely uniform across the whole cross sec-
tion area, except for some reddish regions around the perim-
eters of the melt filaments.

4 Discussions

The existing multi-material FDM techniques, with either a
single hot end or multiple hot ends [9], have limitations or
drawbacks. In the single hot end method, multiple filament
segments are spliced into a single threaded filament and
printed, known as programmable filament [25]. The printer
works at the same temperature throughout the printing pro-
cess regardless the sliced filaments. Hence, this technique
has mainly be used in 3D color printing, where the filaments
are made of the same base material and different color addi-
tives. For the multiple hot end methods, the incorporation of
multiple extruders and output nozzles, one for each material,
increases the weight of the 3D-printing system, adversely
affecting its performance in terms of mobility, stability, pre-
cision, repeatability, and printing speed. It is thus imprac-
tical to operate with so many extruders fed with an equal
number of premixed filaments that span the whole spectrum
of the mechanical properties as demonstrated in Fig. 5. In
addition, this setup introduces complexity to the motion
system and calibration, requiring adjustments to ensure the
proper alignment of the print heads. Moreover, every switch

Fig. 10 Microscopic cross section images of prints with two colored polymeric granulates in different mixing ratios, left: 25% red & 75% blue;

right: 50% red & 50% blue
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between materials (extruders/nozzles) introduces a discon-
tinuity feature, often resulting in weaker mechanical perfor-
mance of the 3D printed part. Furthermore, these limitations
make the multiple hot end methods less appealing compared
to the proposed approach that enables dynamically adjust-
able material compositions at will.

There are two major causes that negatively impact inter-
layer adhesion and the overall mechanical strength of an
FDM built object with multiple materials: poor adhesion
between layers of dissimilar materials with binary transi-
tions, which is particularly severe between chemically dis-
similar materials such as PLA / TPU or PLA /PET [13]; and
discontinuity in the built structure, when switching from one
material to another. The proposed method removes these
weaknesses and limitations. First, with materials mixing at
will, binary material transition interfaces can be avoided by
printing one or several gradient layers (of different material
mixing ratios or FGMs) in the transition zone. This strength-
ens interlayer adhesion and the overall mechanical strengths
of the 3D printed parts, even with chemically dissimilar
materials. Thus, the proposed method also extends material
availability for the multi-material FDM process. Second,
the printing process continues independently of transition
in material compositions. In other words, the material transi-
tion occurs seamlessly. Third, different parameters in heat-
ing (temperatures) and cooling can be applied for optimal
printing performances, enabling broad material availability.

Uniform mixing of materials is essential for mechani-
cal performance of 3D printed parts. The reinforced mix-
ing mechanism introduced in this work represents the major
advance in multi-material FDM technology that ensures uni-
form material mixing and functionality. Yet, the materials
compatibility was explored in limited manner, more exten-
sive investigations on long term durability may be needed.

Reinforced cooling measures have also been important
when printing / building with materials having significantly
different melting and solidification temperatures and/or soft-
ness. For example, when printing with the pair of materials
#309 and #546, reinforced cooling was needed to maintain
the freshly printed layer in shape when the relative com-
position of the soft TPE (#309) was higher than 50 v%. In
this work, the flow rate of cooling air was manually regu-
lated. Further developments in software that can precisely
and dynamically regulate the material flows and cooling
air’s flow will eventually release the full potential of the
technology.

The proposed multi-material FDM technology brings
forth several distinct advantages. (1) Improved material
availability: finding materials suitable for different AM
processes has been challenging. Being able to mix materi-
als at will in situ of 3D printing adds an extra dimension to
material availability, as a diverse range of functionalities
can be achieved by mixing two or a few materials available

for 3D printing. For instance, by mixing one hard (rigid)
material with one soft (flexible) material in different rela-
tive portions, various levels of hardness and softness can
be achieved between those of the individual materials. (2)
Enhanced production flexibility and potential for automa-
tion: The 3D printer, utilizing the same material inputs, can
produce parts with different final properties or functionali-
ties without production stop for hardware reconfiguration
or material changes. (3) Increased production efficiency:
Through software-controlled adjustment of material flows
during printing, the printer can seamlessly create intricate
functionalities within a single product and production run.
This integration of different functional parts (separately
produced with conventional technologies) into one reduces
the time and labor for assembling. (4) Enhanced mechanical
performance: an uninterrupted printing process and seam-
less material transition result in FGMs that greatly improve
interlayer adhesions between different materials sections and
the overall mechanical performance of printed structures.
(5) Reduced material management: being able to create a
diverse range of functionalities using only a few materials
can significantly reduce the number of materials needed for
various industrial applications.

5 Conclusions

This study presents a new development of multi-material
FDM print technology. It features dual material inputs and
extruders connected to a mixing device, which includes
a reinforced mixing mechanism as an insert. The mixing
device facilitates uniform mixing of two material streams,
ensuring consistency in print quality and functionality, while
the air-cooling system makes it possible to print with materi-
als having significantly different solidification temperatures
and to maintain the freshly laid material layers in shape.
3D-printing trials with six Dryflex TPEs, three soft and
three hard TPEs, demonstrated that this technology allows
for precise regulation of material flows in the extruders,
enabling dynamic adjustment of the relative portions of the
material blend and the creation of multiple functionalities
in one product and one production run. This technology also
enabled achieving a diverse range of mechanical functionali-
ties with only two materials. In addition, by dynamically reg-
ulating the material flows through software during printing,
the printer seamlessly produced multiple functional zones
within a single product and in one production run. Further-
more, the technique created functionally graded materials
(FGMs) in the transition zone when switching from one
material composition to another. The FGM structure elimi-
nates concerns about poor interlayer adhesion between dis-
similar materials and greatly improves the overall mechani-
cal performance of the 3D printed parts. The technology
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showcased significant potential for improved production
flexibility, efficiency, and product quality. Moreover, being
capable of adjusting material blends at will through software
in situ during 3D printing introduces an extra dimension to
material availability, which has so far been a limiting factor
for the industrial adoption of additive manufacturing, as a
diverse range of functionalities can be achieved by mixing
two or a few materials available for 3D printing.
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