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This paper aims to advance the field of additive manufacturing by producing multimaterial objects with intricate
topological features and polylithic material distribution through an integrated approach. First, we develop a
Single-Nozzle Multi-Filament (SNMF) system equipped with active mixing to blend multiple filaments and de-
posit a programmable mixture. The system can also deposit gradient transitions between different materials
within a single print. Second, we establish a numerical model to represent the material transitional behavior and

validated it with experiments. The model enables the precise control of the material transitional interface to
ensure high material fidelity. Third, we propose three strategies for designing and modeling multimaterial ob-
jects catering to different application scenarios, including image sampling, 2D discrete patches, and 3D surface
division. The system’s capabilities were validated through six case studies designed and fabricated through the
above approaches for distinct application scenarios, demonstrating the successful materialization of complex
designs with multiple functionalities.

1. Introduction
1.1. Background

In 2016, MacDonald and Wicker [1] suggested that additive
manufacturing (AM) devices could integrate multiple functions into a
single object, with multimaterial additive manufacturing (MMAM) as a
viable approach.

MMAM enables the deposition of distinct materials in specific loca-
tions within an object to achieve desired functions, evolving since the
1990s [2,3]. MMAM research surged post-2017, with over 200 publi-
cations by 2023. However, review articles by Nazir et al. [4], Lietal. [5],
and Rafiee et al. [6] highlight persistent challenges, particularly the
limited real-world applications beyond experimental studies. Nazir et al.
[4] observed that most research focuses on characterization and per-
formance analysis rather than application-specific MMAM processes.

For MMAM to advance practically, it must support complex topol-
ogies and diverse material compositions. Complex engineering appli-
cations, as noted by Gibson et al. [7], require components that withstand

various stresses and thermal conditions. While single-material AM
technologies allow intricate topologies [8,9], MMAM remains less
developed in this area. Some, like Feng et al. [10], have used single-
material printing and multimaterial assembly to achieve complexity.

To address multifunctional needs, MMAM must place materials
precisely in regions to provide both structural complexity and localized
properties. While composites offer multifunctionality, they lack optimal
material distribution tailored to specific conditions [11]. Although
MMAM has theoretical potential for such distributions, most studies
prioritize material characterization over methods for enhancing mate-
rial distribution in intricate structures.

1.2. Literature review

1.2.1. Technology development of extrusion-based MMAM

While most MMAM research focuses on empirically analyzing the
characterization, properties, and performance of MM objects, relatively
few studies emphasize the development of MMAM technology and the
relationship between the manufacturing process and the performance of
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printed objects. Nazir et al. [4] noted that MM objects often exhibit
superior mechanical properties compared to single-material objects.
However, Lopes et al. [12] emphasized that the mechanical performance
of printed MM objects heavily depends on the material extrusion process
and setup.

There are two primary material extrusion setups in MMAM: multi-
nozzle and single-nozzle configurations. Multi-nozzle systems use par-
allel nozzles to deposit different materials during printing and are
favored in many studies due to their ease of assembly [13-17]. However,
these setups often result in discernible interfaces between materials,
compromising bonding strength [18]. Additionally, switching between
nozzles during the manufacturing process, along with the required sys-
tem calibration, increases processing time [19-21].

Single-nozzle systems, on the other hand, use one nozzle to deposit
multiple materials. In microfluidics fabrication, studies using low-
viscosity polymers [21-28] have successfully produced MM objects at
small scales with fine resolution using single-nozzle printheads. This
continuous extrusion can enhance the performance of MM objects, as
Baca et al. [29] reported, creating superior bonding between distinct
materials compared to multi-nozzle configurations. Additionally, FFF-
based studies [30,31] demonstrated that single nozzles could simulta-
neously extrude multiple materials into a continuous extrudate.

However, the improvements associated with single-nozzle setups are
not universally consistent. Fenollosa et al. [31] pointed out that while
the composition of the extrudate can be regulated, achieving a homo-
geneous mixture remains challenging. Cameron et al. [32] also reported
that single-nozzle systems might compromise geometric integrity,
leading to discontinuity and heterogeneous material blending in the
printed extrudate. Tian et al.’s work [33] relies on a passive approach
with a single nozzle, switching between different materials rather than
mixing them in real-time. This system does not process gradient mate-
rials either, as its focus is on alternating between distinct materials
rather than dynamically blending them. Lee et al.’s work [34] focuses on
switching between different inks via a Y-junction nozzle, but without
dynamically mixing them. As a result, it is not designed to process
gradient materials. The scale of this approach is suitable for small to
medium-sized food objects. Additionally, Baca et al. [29] found that
while single-nozzle systems produced more consistent printed objects in
thermoplastic filament printing, the overall structural strength
improvement was minimal, less than 5 %.

To enhance material mixing in MMAM, particularly in extrusion
processes, both active and passive blending elements can be employed
[35,36].

Active mixing, involving a mechanically controlled blending element
during printing, can accurately place diverse material mixtures across
layers, facilitating seamless material transitions [29,37-41]. The key
component, a controllable spinning screw inside the nozzle, mixes ma-
terials into a consistent blend and deposits them through shear force.
Hassan et al. [42] created a system that employs a hybrid approach that
includes both active and passive micromixing. This allows it to
dynamically mix inks in real time, making it suitable for processing
gradient materials. However, the system is only capable of printing at
small scale. Kennedy et al. [43] demonstrated that active mixing ensures
uniform material integration throughout the printing process. However,
extrusion-based MM printers with active mixing are not yet commer-
cially available, necessitating additional effort in printer development
for high-performance MMAM investigations.

Although Nazir et al. [4] reviewed MMAM studies from 2017 to
2023, only a small portion detail the development of MMAM devices
[30,44,37,45,46]. Song et al. [30] and Jaksa et al. [44] described
developing single-nozzle material extrusion MMAM printers, though
without active mixing features. Lan [37] integrated an active mixing
nozzle into a material jetting printer, focusing on numerical modeling
and simulation. Pelz et al.[45] used a single-nozzle setup with an active
auger for mixing and extruding ceramics, enabling real-time material
composition regulation. However, these projects disclosed limited
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details on system design and development. Most documented de-
velopments are related to multi-nozzle systems, such as Roach et al.’s
M4 3D printer [46].

In conclusion, the field of single-nozzle MMAM extrusion devices
with active mixing mechanisms requires a systematic development.

1.2.2. Material fidelity of MMAM

Current MMAM research predominantly focuses on characterizing
the properties and bonding performances of MM objects, with less
attention given to improving material fidelity. In traditional single-
material additive manufacturing, the quality of printed objects is typi-
cally evaluated based on shape fidelity and dimensional accuracy [47].
Shape fidelity qualitatively assesses deviations from the original de-
sign’s geometric features, including topology, morphology, details, and
textures [48]. Dimensional accuracy quantitatively measures how
closely the object’s dimensions align with the design specifications [49].
The quality of printing is influenced by factors such as device precision,
component suitability, material selection, and printing settings like
nozzle size and layer height [47]. For instance, using a smaller nozzle
size and finer layer height enhances dimensional accuracy [50], while
the choice of printing method and material retention ability affects
shape fidelity [51].

However, in the context of MMAM, the concept of printing quality
needs to be broadened. Beyond shape fidelity and dimensional accuracy,
the precision of material composition and distribution becomes crucial.
We define material fidelity as the degree to which the material
composition and distribution in the printed object match the original
design.

Material fidelity is significant depending on the application of the
printed MM object. High levels of material fidelity are essential for
functional MM parts intended for assembly.

Producing MM objects with higher material fidelity contributes to
increased complexity, thereby enhancing functionality. Complexity in
multi-material printed objects refers to the intricacy of the object’s
structural topology and material distribution. Structural topology con-
cerns the geometric arrangement and connectivity of topological
members within the object, ranging from simple to intricate forms.
While traditional single-material AM has successfully produced objects
with complex topologies [8,9], MMAM has yet to demonstrate signifi-
cant progress in this area.

Complexity in material distribution is defined as the arrangement of
different materials within the object. Less complex objects exhibit
monolithic material compositions with continuous transitions, whereas
more complex objects feature polylithic compositions with discrete
material organization, often enabling distinct material properties in
specific regions. Table 1 illustrates the definition of complexity within
the MMAM perspective.

As reported in review articles such as [4-6,55-58], the field of
MMAM places less concentration on MM object’s fidelity improvement,
and there are no cases that are able to print intricate topological struc-
tures with monolithic and polylithic material composition as shown in
the graphical illustration of Table 1c and d. A handful of studies, such as
Song et al. [30], Skylar-Scott et al. [17], Hardin et al. [26], and Uzel
et al. [54], were able to print MM two-dimensional patterns and three-
dimensional geometries with fine fidelity to reach to the polylithic
material composition but only capable of forming relatively simple to-
pology, as demonstrated in the graphical illustration of Table 1b.

The works above with high fidelity can further benefit from
embedding active mixing to produce intricate topological structures
with polylithic material composition, meeting the intended function-
ality as shown in Table 1d. Precedent works, such as [37,45,52], have
demonstrated that MM extrusion with active mixing is capable of pro-
ducing elementary geometry with monolithic material composition as
shown in Table 1a. Green et al. [52], Lan et al. [37], and Ober et al. [40]
enabled composition control on the fly with a single active mixing
nozzle to fabricate geometries such as rings, cubes, cylinders, and tensile
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Table 1

A graphical illustration of MM objects’ complexity: (a) geometry designed with
simple topology and monolithic material composition; (b) geometry designed
with simple topology and polylithic material composition; (c) geometry
designed with intricate topology with monolithic material composition; (d)
geometry designed with intricate topology with polylithic material composition.

Simple topology Intricate topology

@ (b) (@] (d)

Monolithic Polylithic Monolithic Polylithic Material
Material Material Material

Composition Composition Composition Composition
SeE———

Green et al. [52]

Song et al. [30]

No existing No existing

Lan et al. [37] Skylar-Scott literature literature
Pelz et al. [45] etal. [17] But can be But can be
Ober et al. Hardin et al. achieved via the achieved via the
[40] [26] proposed proposed
Li et al. [53] Uzel et al. [54] technology and technology and
Ducan et al. methodology. methodology.
[41]

w/ active mixing w/0 active w/ active mixing w/ active mixing

mixing

specimens. Meanwhile, all samples are of monolithic material compo-
sition as shown in the graphical illustration Table 1a. Empowering the
MMAM with high shape and material fidelity to produce an object with
intricate topological structures and multiple gradient material distri-
butions will satisfy the various demands of different applied fields and
creative communities.

Yet, the limitation of active mixing embedded MMAM system is
explicit. The incorporation of the blending element increases the com-
plicity of the printing system. More factors related to the blending
element need to be considered, including the compatibility between the
hardware and the blending element, the controllability of the blending
element, and the operational procedure of design and fabrication.
Without systematic control over hardware, software, and design-to-
fabrication workflow, the high fidelity of MMAM is infeasible, and the
design, process, fabrication, and practical usage of multi-material
products remain challenged.

Therefore, comprehensive control of active mixing for high-fidelity
MMAM is needed.

1.2.3. Design and modeling for fabrication of complex MM object

In addition to the lack of disclosure development content regarding
the MMAM system and limited fidelity with active mixing in the mate-
rial extrusion system, it is reported that the design and modeling method
of MM objects is scarce and limited [4]. Commercial slicing software,
such as Ultimaker Cura and PrusaSlicer, while not designed to cope with
design and modeling tasks naturally, also lacks the ability to incorporate
distinct material information into machine instruction programs (e.g.,
G-code), resulting in subpar control over material composition on the
fly. Yet, the current commercial CAD tools are targeting design instead
of fabrication of MM objects. This limitation leads to the overall design
of the MM object being unable to achieve relatively high complexity,
both structural and material-wise, such as showed in the precedent
research works [37,45,52,40]. However, when the MM objects are
printed to be utilized functionally in an assembly, it is crucial for the
MMAM to be incorporated with intricate topological structures and
multiple gradient material distributions at the design and modeling
stage. So that the fabrication process of the MM object can be well-
guided and the final product can be expanded to broader application
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scenarios. Early attempts, such as Qiu and Langrana [59]and Bhashyam
et al. [60], established standalone CAD tools to represent heterogeneous
materials without engaging the manufacturing process. Wargnier et al.
[61] and Yao et al. [62] both proposed a multimaterial object design
framework that assists users in the multimaterial assignment, selection,
and manufacturing guidance. Yet, Wargnier et al. [61]’s proposal is
merely theoretical without toolkits being developed. Yao et al. [62]’s
operations didn’t target building intricate topological structures. Wade
et al.’s OpenVCAD [63] developed a volumetric-based workflow to
produce a multimaterial toolpath for material jetting printers. None-
theless, more printing validations for these slicing tools and workflow
are needed when working with specific devices. To materialize the MM
object with higher topological and material complexity, the develop-
ment of a new design-fabrication strategy is necessary.

1.3. Motivation and objectives

We aim to additively manufacture multimaterial objects with both
intricate topological features and polylithic material compositions. It is
essential to adopt a holistic approach that systematically incorporates
different aspects of MMAM. The mentioned gaps regarding the lack of
material extrusion technology development literature, comprehensive
methodology to control the active mixing for higher fidelity, and proper
design/modeling strategy for intricate MM objects highlight the poten-
tial for continued research and development in this area. From a mate-
rial extrusion perspective, our research intends to fill the gap in active
mixing embedded single-nozzle multimaterial extrusion systems for
high-fidelity MMAM production. Taking the FFF process as a case study,
the research’s contribution to MMAM is threefold.

First, a robust printing system setup, including a hardware design
capable of handling multiple materials simultaneously. Meanwhile, the
system implementation supports intricate numerical control over the
multiple material-feeding elements and can be programmed based on
the demand for the designed application. The 2.1 section in our research
debriefs a developed and fully functional Single-Nozzle Multi-Filament
(SNMF) system that features an active mixing mechanism. The active
mixing mechanism, while ensuring performance improvement on the
printed object, enables the production of MM objects with gradient
composition and transitions. The section details the design and engi-
neering of the hardware and electrical system. It also reports the nu-
merical model established for system control. The information
documented here patches the missing information of the MMAM
research realm and provides more options for interested readers to
develop capable MMAM devices.

Second, it requires a deep understanding of material transitional
behavior—how materials behave when switching during the printing
process—to avoid defects and ensure that the final object meets its
design specifications for achieving high material fidelity. The 2.1 section
in our research offers a comprehensive methodology for the full control
of active mixing to achieve higher fidelity. The methodology allows
users to compose numerical control (NC) programming language,
namely the G-Code, with embedded material information for multi-
material production. Specifically, investigating material transitional
behavior enables the accurate placement of various materials by elimi-
nating the transitional delay caused during material switching; hence,
dispensing multiple materials at the same printing layers to achieve
multiple gradient material distributions is feasible. The investigation of
gradient composition control allows the system to regulate various
mixtures of materials in the designed composition. These efforts ensure
high-fidelity printing of MM objects, therefore enabling the opportunity
to achieve higher complexity to satisfy the demand of practical
applications.

Third, In addition to these technical components, advanced design
and modeling strategies are crucial for efficiently creating multimaterial
objects tailored for different application scenarios. Strategies must be
developed that allow designers to model objects with intricate
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topologies and carefully controlled material distributions. These stra-
tegies should enable the creation of both monolithic and polylithic
material compositions, ensuring that the final printed objects exhibit the
desired functional properties across their entire structure. In the result
section 3.3, we debrief three practical design and modeling strategies for
generating MM objects. The outcome of these strategies is showcased
with various printed objects for different fabrication scenarios,
including multiple gradient material distributions, 2D patterns, and 3D
geometry with intricate structure and material distribution. The strate-
gies are compatible with our system, utilize conventional Computer-
Aided Design(CAD) software, and produce fabrication-ready docu-
ments embedded with accurate and differentiated material information
to deliver high-quality MM objects.

2. Methodology

This section outlines the integrated approach to materialize the MM
object with intricate topological features and polylithic material distri-
bution from three aspects. The hardware design and engineering session
briefs the working principle of designing a single-nozzle MM 3D printing
system and the system implementation. The multimaterial extrusion test
describes the programmable composition control of the mixture and
transitional behavior during the transition period of material deposition.
The design and modeling strategies illustrate methods to create digital
representations of designed MM objects and convert them into print-
ready G-code for MMAM.

2.1. System setup

Printhead Design. The conventional DFM printer inspires the print-
head design in this research. Fig. 1a shows a typical single filament
desktop 3d printer consisting of three key components: a material sup-
plier feeding the filament, a printhead for extruding semisolid material,
and a numerically controlled motion platform (a gantry or robotic arm).
These components work together to control material deposition ac-
cording to a designed pattern. Fig. 1b is the multimaterial scheme of
“Diamond Hotend”, designed by RepRap online community [64] and
tested in [29]. A similar design has also been used in Song’s work [30]. It
features multiple input filaments merging into one output nozzle.
However, the design without a blending mechanism may result in

Supplier Motor
El

Supplier Motor

Single Filament
Heated Nozzle

—_— -—

Motion Platform

(b)

-<——  Motion Platform

(@)

Supplier Motor

4/ Multi-filament Diamond
Hotend Nozzle

_—
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clogging issues that cause extrusion discontinuity and poor filament
bonding. Fig. 1c is the proposed Single-Nozzle Multi-Filament (SNMF)
printing system, which modifies the typical desktop 3d printer and
Diamond Hotend.

The Fig. 1c’s configuration is initially established based on the
number of filaments needed. Each filament requires an individual fila-
ment supplier motor to be transported through the Teflon hose. The
filaments are then melted under a certain temperature and extruded.
When switching the filament, the auger embedded in the nozzle blends
the two filaments, creating a transitional segment in the deposited
extrusion. The blending process can also create gradient material mix-
tures when multiple filaments are fed in a designed composition, which
will be further discussed in the section 2.1. The detailed information
regarding the system setup and configuration change can be found in the
Supplementary Information.

Numerical Control. The motor control scheme is developed based on
the following equations. In a single-filament system, the feeding motor’s
linear speed v is

Q
— _ 1
V= ad2 /4 )
where Q is the desired volumetric flow rate, and d is the diameter of the
filament. Empirical tests have been conducted to find the directly pro-
portional relation between Q and the auger rotation speed ® so that

filaments can be extruded consistently without over/under-

pressurization,

o =2 < 1RPS ©))
Qo

Qo is the observed material flow rate when the auger runs at 1 RPS
(revolution per second). In a multi-filament extrusion system with
gradient composition, the feeding motor linear speed of the ith filament
is

3

Vi =DV

where p; is the desired percentage of the ith filament. The section 2.1 will
discuss the gradient composition of filaments to form different materials
and the determination of filament deposition percentages. Table 2 gives
a nomenclature of the variables discussed.

Supplier Motor Supplier Motor

E2

——

Blending Auger
EO0

Single-Nozzle
Multi-filament (SNMF)
Printhead

-— —_—

Motion Platform

©

Fig. 1. The schismatic development of SNMF printing schemes: (a) the typical single filament printer, which is composed of a supplier motor, a heated nozzle, and a
motion platform; (b) the multi-filament Diamond Hotend printhead designed by [64], in which multiple supplier motors feed multiple filaments; and (c) the proposed
SNMF printer with a 2 mm screw drill embedded. Multiple supplier motors feed filaments into the single nozzle printhead, and the embedded 2 mm screw drill blends

the filaments into a mixture based on the designed composition.
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Table 2

Nomenclature for the symbols used in numerical control of the system.
Symbol Unit Description
Input
Q mm?s~! Desired volumetric flow rate
d mm Diameter of the filaments
i Desired percentage of the ith filament
Output
® RPS Desired auger rotation speed
Qo mm®s~! Volumetric flow rate when @ = 1RPS
v mm s ! Total linear speed of the supplier motors
Vi mms ! Linear speed of the ith supplier motor

The built SNMF system uses a maximum of four filaments and re-
quires four material-feeding motors. In addition, three motors control
the axes of the printbed and gantry, and one controls the blending auger.

The parameters of stepper motors, such as steps and current on
stepper drivers, were set. The rotational speed of motors is adjusted in
real-time by following the material profiles stored in G-Codes. Material
profiles will be detailed in the section 2.1.

Finally, firmware modifications were made using Marlin 2.1.2 to
enable mixing extruder functionality, allowing adjustments in motor
speeds and facilitating smooth material transitions. This involves
enabling the MIXING_EXTRUDER directive, specifying the number of
steppers via MIXING_STEPPERS, and creating virtual tools for pre-
defined mixing ratios.

System Implementation. The SNMF system prints multi-filament
toolpaths using customized G-Code definitions. Modifying firmware al-
lows M163 and M164 G-Code commands to be set up, and settings are
saved for each filament. The process involves activating a specific fila-
ment with a regulated flow rate for extrusion and deactivat-ing the
others, then saving this as a material configuration. This is repeated for
each filament used in the printing.

The stored material configurations are sequentially recalled using
the T command during printing. Then, the printhead moves to the
appropriate coordinates and extrudes the selected filament at a pre-
determined flow rate, adhering to the specified toolpaths. This
approach allows the switch between different filaments during printing.

Table 3 details the core G-Code commands and their roles in multi-
material printing. Fig. 2 shows how the gcode file sequentially make use
of them.

Supplementary Information A.1. gives a sample code to print a
continuous line with white (fill), green (fily), and blue (fil3) PLA fila-
ments. Each segment of the toolpath curve is associated with a material
configuration of a separate filament (white-TO, green-T1, blue-T2).
Fig. 3 results from printing this code. It exhibits a seamless gradient
transition due to extrusion with a blending auger.

The research uses an in-house developed software to turn curves with
material information into G-Codes tailored for the SNFM setup.

2.2. Multimaterial extrusion of higher material fidelity

We argued that material fidelity is a crucial index for evaluating the
quality of MMAM. Material fidelity is defined as the magnitude of ma-
terial composition and distribution in the printed object that matches
the original design. To address this, we propose two numerical methods

Table 3

Description of G-Code commands, lowercase letters are values to fill in.
Command Description
M163 Ss Pp Set the weight of extruder motor s to p
M164 Ss Store the current mix as tool index s*
Tx Select the previously stored tool index x

* s = 0 is the blending auger motor, which always weights 1.
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) L
Beginning Codes S [ Set the weight of filament #1 ]
o 3

i [ Set the weight of filament #2 ]

Tool Set-up L’
4 |

¥

Set up tool #1
L [ Set the weight of filament #n ]
Set up tool #2
1

1
Set up tool #m e

/ [ Move to start location J
e ¥
[ Print single-material segment ]

~ Save as tool #1

Activate first tool

Printing /

Print toolpath #1

Switch tool

g

Print toolpath #2
1

| \\
Print toolpath #k N\
Ending Codes \\\
¥

End

[ Print single-material segment ]

Switch tool

I_

[ Print single-material segment ]

Fig. 2. Multimaterial G-Code flowchart.

to facilitate material fidelity, one of which enables programmable ma-
terial composition, and the other permits more accurate material
distribution.

Gradient Composition Control. The SNMF system can blend two or
more filaments into a new mixture based on the designed material
composition. Each mixture referred to as a material profile (or simply
material instead of filament) in this article is a particular mixture of fil-
aments defined by a series of numbers py, po, ..., pn specifying the per-
centage of each filament. In the case of black and white filaments, each
material profile is a different grayscale color formed by blending the two
in a certain proportion. More generally, when we can have m material
profiles over n filaments, the profiles are stored in the in-house slicing
software as a m x n matrix

(5 B
¢ | P11 P2 Pa1 P
pP= m5:1 b2 P2 pa pam 4
mat, | : : :
Pmi Pm2  *** Pmn

where p; j is the percentage of jth filament in ith material profile. In the
example of Fig. 9,

mat f1ﬂ1 fi éz

—Mmab g7 03 ®
mats | 63 07
maty O. 1

When printing multiple filaments without mixing them, as is the case
of SI, P is an identity matrix:

mat, (I fila fils
11 0 o0

P = mat, 0 1 0 ©)
mas\o 0 1

The speed of the filament supplier motors dominates the composition
of the mixture. The required calculation is shown in Section 2.1. The
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10mm

Fig. 3. The sample print of a continuous line with three segments of different colors.

sample code in Sl illustrates the setup of ten material configurations over
two filaments, defined as

mat; j;lll fi éz
p="T% 109 01 )
mato \ 51 g9

Material Transitional Behavior. The material transition starts when the
nozzle reaches a breakpoint where material switches. The motor speeds
change at the breakpoint. When switching from 100 % filament 1 to 100
% filament 2, motor E1 stops, and motor E2 starts. Filament 2 enters the
mixing chamber in the nozzle and starts to push out residual filament 1.
The material transition does not create a distinct interface at the
breakpoint for two reasons: the new material has to travel through the
nozzle, so there is a delay in transition; for a short period, the blending
auger mixes and extrudes both materials until there is no residual old
material, resulting in a gradient transition. Thus, this section aims to
study these two behaviors empirically and interpret them with a
mathematical approximation. To differentiate, the location where the
motor starts to switch materials is referred to as the motor breakpoint,
and the location of the observed interface is referred to as the visual
breakpoint.

Fig. 4 illustrates a series of experiments to examine the material
transitional behavior. A 200 x 50 mm 2D zig-zag toolpath is designed
with a print section of 2 x 0.8 mm whose desired breakpoints are
aligned in the middle (Fig. 4a) and used as motor breakpoints which are
the inputs to the G-Code. The printing result (Fig. 4b) shows the
mismatch between motor breakpoints and visual breakpoints caused by
the delay. The motor breakpoints are moved backward by advancement
length L to align the visual breakpoints. The motors are instructed to
switch before they reach the desired breakpoint by trying different
advancement lengths (Fig. 4d, e, g, and h), a fixed L = Ly = 18 mm is
associated with the material and design configuration. It reflects the
distance between the motor breakpoint and the visual breakpoint.

When the overall extrusion rate (the rotational speed of the blending
auger) is fixed, and the materials have the same or similar viscosity, the
delay, and transition should take constant volumes in each switch. When
the extruding section area is fixed, they take constant length. Fig. 5 in-
terprets the material transitional behavior from 100 % filament 1 to 100

) L=30mm
motor BP/desired BP

motor BP -~——— -desired BP

% filament 2 if the motor breakpoint is at xo. The delay length L; is
defined as the length from the motor breakpoint (xg) to where the new
filament starts to appear (x1). The transitional length L, is defined as the
length from where the new filament starts to appear (x;) to where the
old filament completely disappears (x3). The test prints also measure the
two values (Fig. 5a). While the mix-and-extrude process in the auger
chamber is hard to depict numerically, we assume a linear composition
change in the transitional length Ly. As reflected in

Fig. 5b and c, filament i’s actual material percentage R;(x) at travel
length x is:

Pi; ifx < xo + Ly;
x—(xo+L , .
Ri(x) = M-i—%(}’i—pi), ifxo+ Lisx<xo+L +L, (8)
D; if}x=xo + L1 + Ly.

if the motor breakpoint is x¢ and the desired composition changes from
pito p'. In our approximation, the midpoint of the transition segment (xp
=xo + L1 + 1L2) where Rj(x) = Ry(x) = 0.5 is regarded as the visual
breakpoint. This means the visual breakpoint is delayed by:

Lo=L,+ %Lz ©)
and our measurements of the three values should match this expression.
Therefore, before the G-Code is generated, the breakpoint is moved
backward by Ly so the supplier motors are switched in advance.

The relation in Eq. (8) can be further generalized using a moving
average filter:

1 x—Ly
ReO= [ piodx
Lo Jx 410

where p;(x) is the desired material percentage or relative motor speed of
filament i at travel length x. Eq. (10) results in the same curve in Fig. 5c.
The benefit of formulating it as a moving average is that, unlike Eq. (8),
Eq.

(10) is a generalized method applicable to any number of materials
and rapid switches whose intervals are less than the transitional length
Ly. With this expression, the in-house slicing software visualizes any
design before printing to check the effects of different materials and
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Fig. 4. Material transition tests of black and white PLA showing different breakpoints (BP). Toolpaths, print results, and visualization of prints with: (a) (b) (c) no
advancement; (d) (e) (f) advancement length L = 30 mm; and (g) (h) (i) advancement length L = 18 mm. The visualizations (c) (f) (i) are generated after the tests are

done, and the total mismatch between motor and visual breakpoints L is solved.
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Fig. 5. Mathematical interpretation of material transitional behavior: (a) blending and print condition; (b) the relative speed of each filament’s feeding motors; and

(c) the actual percentage of each material in the print.

toolpaths, as shown in Fig. 4 and other examples in this article.

2.3. Design and modeling strategies

Here, we briefly provide three strategies for designing and modeling
MM objects to generate material-informed toolpathing. We will discuss
them in detail in Section 3.3. The strategies suggest different automatic
and practical approaches but are not mutually exclusive in essence.

Multimaterial Printing via Image Sampling. The simplest way to
approach multimaterial printing is to start with an image, as depicted in
Fig. 9. We break down an infill pattern into small segments, sampling
their colors directly from the image. These segments act like pixels,
piecing together to form the complete image. This technique, especially
when applied to images from CT scans and MRI results, can pave the way
for new applications.

The process begins with selecting an image and converting it into a
monochrome bitmap. We then extract the grayscale value from each
pixel. Considering the extensive number of pixels, we adopt a modular
approach based on these grayscale values. This involves categorizing the
grayscale into several intervals.

We assign each pixel to a grayscale interval based on its value,
averaging the values within each interval. Subsequently, we match the
average grayscale of each segment to a specific blending ratio for mul-
timaterial 3D printing.

As the printer’s extruder follows its path, crossing areas mapped to
specific grayscale modules, it adjusts the material blend in real time
according to the preset ratios. This precise adjustment during printing
ensures the material composition accurately reflects the desired output.

Multimaterial Printing with Discrete Patches. Components fabricated
via additive manufacturing methods often necessitate specific structural
attributes to address the complex loading conditions within the overall
structure. In many applications [65-67], the alteration of toolpath
orientation can be employed to modulate the load-bearing capability of
the printed component. Through the multimaterial printing system
proposed herein, beyond merely adjusting toolpath orientation, we
introduce a novel avenue for enhancing the mechanical performance of
structural components, namely, utilizing materials with differing me-
chanical properties for printing. Materials resistant to tension are
deposited on toolpath segments subjected to tensile forces, while ma-
terials resistant to compression are deposited on segments under
compressive forces. At the interface of these divergent materials, a
graded transition is employed to augment the bonding between mate-
rials, thereby holistically improving the mechanical performance of
structural components. This printing methodology necessitates a mate-
rial distribution based on loading conditions across different toolpath
segment patches, concurrently embedding material information within
the machine-executable G-code for printing operations. Utilizing a
continuous toolpath for 3D printing offers significant advantages, such
as reduced production time and enhanced material bonding, by miti-
gating issues of underfilling and overfilling [65].

Multimaterial Printing with Surface Division. Printing a shell in 3D is
known as contour-crafting or surface printing. A surface can be divided

and assigned with different materials to tailor its local properties.
Figs. 12 and 13 are examples where stronger materials are assigned to
the funicular members or the stress-concentrated areas to enhance
structural performance under specified loading cases. The surface divi-
sion can be done by sampling another object (FEA’s results as in Fig. 13),
a field, or using intersectors. Toolpath curves are sliced after surfaces are
divided and annotated. With the help of a hierarchical data structure as
in Chiu and Tan [68], this method can also be expanded to print ge-
ometries of intricate 3d topological structures, such as a shell with infill
patterns.

Printing intricate 3d topological structures with a multimaterial
approach is challenging as it is necessary to implement differentiated
material’s heterogeneous distribution both horizontally and vertically in
a layer-by-layer manner. Beyond multimaterial printing discrete
patches, we managed to print complex 3D morphology using the surface
division method, which is more capable of handling complex material
distribution. The surface division method utilizes external objects as an
intersector to sample a particular area in the target geometry for
assigning differentiated materials. The following case studies showcase
converting a prior-designed geometry structure into a multimaterial
piece.

3. Results

This session presents the results of three research objectives listed in
1.3 that the authors intend to address. An SNMF printer is built to be
capable of printing multiple filaments through one nozzle simulta-
neously. An empirical study regarding how active mixing contributes to
material fidelity is conducted based on the established numerical model
of gradient composition control with multimaterial transition behavior.
The study also utilized three design and modeling strategies to design
and produce various types of geometry with discrete material distribu-
tion in a continuous manner.

3.1. Developed printer

The Fig. 1c¢’s configuration is designed and engineered into a
modular single-nozzle multi-material printhead, as illustrated in Fig. 6.
This customized printhead features a 3D printed 4-in-1-out aluminum
alloy nozzle connected to four sets of E3D V6 heatsink/heat throat as-
semblies. Each assembly is linked through a hose to its respective Titan
extruder, driven by an individual material supplier stepper motor. The
aluminum alloy nozzle is engineered with four input chambers that
merge at the center and connect to a single output chamber. The di-
mensions of the output chamber are set at a 2-mm diameter and a 5-mm
length, and the nozzle is fabricated using selective laser sintering of
aluminum alloy powder.

A 2 mm diameter auger is embedded in the output chamber driven by
a stepper motor to ensure the material extrusion’s continuity and ho-
mogeneous mixture. The 4-in-1-out aluminum alloy nozzle also in-
corporates space for a 24 V, 70 W Ceramic Cartridge Heater and a 100 K
NTC thermistor. This design feature facilitates a robust heating process
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Fig. 6. Assembly and integration of an SNMF printhead for 3D Printing:(a) Disassembly diagram of an SNMF printhead, including a NEMA 17 stepper motor, a 2 mm
tungsten steel auger, a PTFE single nozzle holder, and associated thermal management systems comprising a 30 mm cooling fan and heatsink apparatus; (b)
Assembled view of the SNMF printhead. This assembly highlights the filament’s path through the PTFE housing into the blending chamber, culminating at the single
extrusion nozzle; (c) Installation schema of the printhead on a standard 3D printer framework, specifically the CR-10 gantry system. This schematic diagram details
the printhead in situ, aligned with the 3-axis motion platform and equipped with a filament spool holder.

with Proportional-integral-derived (PID) control, ensuring reliable ma-
terial melting and extrusion. Following the successful setup and exper-
imentation with the Single-Nozzle Multi-Filament printer, to fully
showcase the SNMF printer’s capabilities, we conducted more tests of
our system’s performance in terms of con-trolling the material fidelity
via active mixing element.

3.2. Validating performance of material fidelity

3.2.1. Gradient material composition

In the initial study in Sec 2.2, we establish the numerical control
method in terms of gradient material composition and enable the tran-
sition between two colors of materials in a controlled manner.

Fig. 7 is the visualization and test printing result using this setup by
having red and green PLA as the two filaments. To print the test piece
that gradually transits from green PLA to red PLA, we used the above
SNMF setup configurations with ten various material compositions
embedded. The in-house slicing software generates the visualization
with the color of the two filaments as input in Fig. 7a. Fig. 7b demon-
strates the printed piece by mixing two filament’s RGB channels ac-
cording to the compositions to reflect the designd mixtures. The
comparison in Fig. 7c shows how the colors of the actual mixture differ
from the theoretical values in RGB format using the image processing
method.

To measure the color deviation between the toolpath visualization
and the printed sample, we extracted the average color intensity profiles
for the red and green channels along the vertical axis of each image. By
plotting these profiles, we compared the designed gradient (toolpath
visualization) with the actual printed output.

The results in Fig. 7c revealed a general alignment in the designed
and printed gradient composition but significant deviations in green and
minor deviations in red in the initial section of the print. This deviation

is likely due to inconsistencies in the material deposition or color mixing
as the printer begins the gradient transition. While the printed sample’s
color intensity gradually aligns more closely with the toolpath in the
middle and final sections, the initial green intensity is less stable, indi-
cating a need for improved control over the material blending process,
particularly the control over the active mixing element.

3.2.2. Material transitional behavior

To better understand the material transitional behavior, in addition
to establishing the numerical method, we also conducted experiments to
observe how the active mixing auger contributes to material gradient
and transition.

First, two PLA filaments with different colors (red and blue) but
similar viscosities were used to evaluate the effect of various auger
rotational speeds on material transition and blending in an SNMF 3D
printing setup. In Fig. 8a five test samples were printed with auger
speeds set at 150, 125, 100, 75, and 50 rpm, transitioning from red to
blue filament. Each sample was printed with a layer height of 0.8 mm
and a width of 3 mm, with mixing and transition starting at a marked
point. The use of filaments with similar viscosities helped ensure that
observed differences in transition quality were primarily due to the
auger speed rather than viscosity variations between materials. The
results show that higher auger speeds (150 and 125 rpm) created
sharper, more distinct transitions, facilitating rapid material changes but
with minimal blending. This characteristic may be beneficial in appli-
cations that require clear material boundaries. A mid-range speed (100
rpm) displayed a moderate gradient, balancing transition smoothness
with efficiency, suggesting it may be ideal for applications needing both
smooth gradients and fast material changes. Lower speeds (75 and 50
rpm) produced the longest and smoothest transitions, with more gradual
blending, making them suitable for applications prioritizing bonding
strength and continuous gradients, though they may be less efficient for
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Fig. 7. Material composition test (200 x 100 mm) of 10 different mixtures using red and green PLA filaments: (a) visualization of the zig-zag toolpath with ten
different material profiles, which is designed to be transiting from the mixture of 100 % red PLA/0% green PLA to the mixture of 10 % red PLA/90 % green PLA; (b)
printed sample represent the same material composition design.(c) comparison between the actual color and theoretical color via image processing, a general
alignment in the designed and printed gradient composition but deviations in the initial section of the print. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 8. (a) Samples printed with red and blue PLA filaments at different auger speeds (150, 125, 100, 75, and 50 rpm) show varying gradient lengths and blending
qualities. Higher speeds produce sharper transitions with distinct boundaries, while lower speeds yield smoother, more gradual gradients. The mixing process begins
at the marked point, with each sample printed at a layer height of 0.8 mm and width of 3 mm, (b) four 3D-printed strips were fabricated using white PLA tran-
sitioning to black TPU to examine the effects of different active mixing auger rotational speeds (170, 200, 240, 270 rpm) on material bonding, (c) the tensile test
results indicating lower rotational speed results in higher bonding performance. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

rapid material changes. These observations suggest that lower speeds
improve bonding and gradient smoothness, higher speeds provide
distinct separations, and 100 RPM offers a balanced approach.

We also investigated the effects of active mixing auger rotational
speeds on the bonding strength and stiffness of 3D-printed samples
transitioning from distinct material, specifically from white PLA to black
TPU. Due to the differing viscosities of PLA and TPU, achieving strong

bonding between these materials is challenging, as reported in Brance-
wicz et al. [69] and Sorimpuk et al.’s works [70]. However, by con-
trolling the rotational speed of the active mixing auger, we optimized
the bonding strength at the interface. We printed 200 mm x 19 mm x 4
mm test strips with four different active mixing augers speeds, 170, 200,
240, and 270 rpm, and conducted tensile tests to evaluate the me-
chanical properties of each sample, as Fig. 8b.
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The tensile test results in Fig. 8c indicate that lower rotational speeds
(170 and 200 rpm) resulted in stronger bonds and greater stiffness, as
shown by higher peak stress and initial slope in the stress—strain curves.
Specifically, the sample printed at 170 rpm achieved the highest
bonding strength, followed closely by the 200 rpm sample. These lower
speeds allow for more thorough mixing at the interface, resulting in
better material cohesion and structural integrity. In contrast, higher
speeds (240 and 270 rpm) led to decreased bonding strength and stiff-
ness, with lower peak stress values and more pronounced strain at
failure. This suggests that higher speeds reduce mixing effectiveness,
weakening the bond between PLA and TPU. These findings underscore
that regulating the auger speed, particularly at lower settings, enhances
bonding strength and structural performance in multimaterial prints
with dissimilar viscosities.

3.3. Multimaterial printing case studies via various modeling strategies

3.3.1. Image sampling

Printing 2D Pattern from Image. To demonstrate our method’s effec-
tiveness, we chose Leonardo da Vinci’s Mona Lisa in Fig. 9 as a test
image. We processed the image into a bitmap and aimed to recreate it
with multimaterial printing, maintaining its visual essence.

Using Adobe Photoshop, we converted the Mona Lisa into a grayscale
bitmap. This conversion process quantized the image’s grayscale values
into four distinct levels (0, 0.3, 0.7, 1), as previously discussed in
Gradient Composition Control in session 3.2. Each level corresponds to a
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predetermined material composition, allowing us to reproduce the
grayscale through specific material compositions accurately. We also
established a continuous zig-zag toolpath, with the spacing between
paths matching the nozzle’s diameter (2 mm) over a 12 x 12 cm area. In
the G-code, we set four mixing ratios with the M163 and M164 com-
mands, corresponding to the image’s grayscale levels. We used black
and white PLA filaments for the final print. The printer adjusts the
blending ratio as it moves, depositing the material mix to achieve varied
compositions.

This printing test highlights the capability of our system to replicate
detailed 2D patterns through multimaterial printing.

3.3.2. Discrete patches

In the discrete patches implementation, multiple samples have been
produced.

2D Structural Object. To evaluate the mechanical enhancement from
our approach, we fabricated two Pratt truss samples (Fig. 10) for a three-
point bending test. Each sample was printed with a 0.8 mm layer height,
2 mm extrusion width, and dimensions of 250 mm (length), 65 mm
(height), and 16 mm (thickness), with each print taking about one hour.
The experimental sample used HATCHBOX white PLA for compressive
elements and OVERTURE Carbon Fiber reinforced PLA for tensile ele-
ments. The control sample was entirely printed with HATCHBOX white
PLA. Both samples were printed at with a 30 mm/sec print speed. The
multi-material specimen comprised 52.5 % tensile and 47.5 %
compressive toolpath, weighing 166 g compared to the 179 g single-
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Fig. 9. Grayscale SNMF printing using black and white filaments. The toolpath is generated based on an image sampling of the Mona Lisa by Leonardo da Vinci: (a)
the original Mona Lisa as input bitmap; (b) the monochromated bitmap sampled as pixels of four grayscales and reflected in the material-informed toolpath; (c)
enlarged printed pattern showing different grayscales; (d) the toolpath visualization; (e) the final print using two filaments to produce the four grayscales.
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Fig. 10. (a) Two samples for the three-point bending test. Upper: multimaterial experimental specimen printed with HATCHBOX white PLA and OVERTURE Carbon
Fiber reinforced PLA. Lower: single material control group specimen printed with HATCHBOX white PLA only. (b)Result of three-point bending test.

material control. The three-point bending tests were conducted using an
Instron 4206 testing machine. The span length for the tests was estab-

lished at 220 mm.

The three-point bending test was utilized to ascertain the maximal
load that both specimens could endure. Fig. 10b reveals that the single-

material control specimen succumbed to a load of 0.83 KN. In contrast,
the multi-material experimental specimen withstood a load of up to 1.16
KN before yielding. At this juncture, one of the compressive members
started to buckle, leading to overall plastic deformation within the truss
structure. This outcome was anticipated, with the multi-material
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Fig. 11. SNMF printing of discrete patches. The toolpaths are generated based on the stress conditions over a strut-and-tie model: (a) the boundary condition for
generating the strut-and-sie model with four loading points and two supports; (b) generated strut-and-tie model showing stress conditions using the method by [72];
(c) the color-coded raw toolpath curves aligned parallel to the direction of tension (red) and perpendicular to the direction of compression (black); (d) methods of
connecting the raw toolpath curves for various scenarios; (e) the resultant global continuous path in which the red indicates the tensile members and the black
indicates the compressive members; (f) the toolpath visualization, in which black indicates tensile members, white indicates compressive members, and (g) the final
print uses carbon fiber-reinforced PETG filament for tensile areas and standard white PETG filament for the compressive areas. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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experimental specimen displaying superior stiffness compared to the
single-material variant.

Additionally, Fig. 10b includes the load—displacement curves derived
from the three-point bending tests of the respective specimens. These
curves illustrate that the multi-material specimen exhibits significantly
enhanced toughness compared to the single-material specimen. The area
beneath the stress—strain curve quantifies toughness up to the fracture
point. For our three-point bending test, the trapezoidal rule was applied
for the numerical integration to calculate this area.

This numerical analysis indicated that the toughness of the multi-
material sample is approximately 67 % greater than that of the single-
material counterpart. The full method of generating this toolpath and
performance enhancement through multimaterial printing is detailed in
the previous study [71].

Intricate 2D Topological Structure. To further validate the proposed
system’s printability, we generated and printed an intricate 2D topo-
logical structure and a Pratt truss based on FEA from a three-point
bending simulation. Using the algebraic graphic statics and layout
optimization method [72], loading conditions (Fig. 11a) produced a
strut-and-tie truss model reflecting tension and compression (Fig. 11b).
Toolpaths were generated based on stress conditions, with tensile re-
gions parallel and compressive regions perpendicular to stress directions
(Fig. 11c). The toolpaths were post-processed into a global zig-zag path
(Fig. 11e) for easier printing. Carbon fiber-reinforced PETG was used for
tensile areas and white PETG for compressive areas. The visualization
(Fig. 11f) closely matched the final print (Fig. 11g).

3.3.3. Surface division
We implemented two case studies using different approaches to

O}
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showecase the surface division method for multimaterial printing.

3D Funicular Structure. The first approach transforms a pre-designed
funicular structure into a continuous geometry using the SNMF printing
system. Funicular structures, known for efficient force channeling,
usually have segmented forms that complicate additive manufacturing
due to toolpath discontinuities. Adding non-load-bearing material be-
tween these elements enhances functionality and simplifies printing by
creating a continuous toolpath. The compression-dominated funicular
polyhedral column in Fig. 12e was originally designed in 2018 [73]
using the 3D Graphic Statics (3DGS) method. This parametric bar-node
model allows adjustments to support positions, force magnitude, angle,
and distribution while preserving the reciprocal relationship between
form and force diagrams. The physical structure was created by casting
concrete into a 3D-printed mold.

In the multimaterial iteration, we add mass between the interstitial
spaces of the funicular members to create a continuum geometry. The
original load-bearing capacity is preserved, while the added mass en-
ables functions like insulation. As shown in Fig. 12, we use the original
geometry as an intersector (a) to map material distribution on the
continuum geometry. This geometry is then divided into two regions for
different materials (b), sliced into multi-segment toolpaths with material
information (c), and visualized for G-Code quality (d). The final print
uses wood fiber-reinforced PLA for compressive members and light-
weight foaming filament for insulation (f), retaining structural features
with added insulation properties. Fig. 12g compares the original and
new designs, showcasing the potential for functional enhancements
using the Single-Nozzle Multi-Filament system.

3D FEA result of 3D Structure. The second approach converts finite
element analysis (FEA) color codes into a physical model, aiding cross-

Fig. 12. SNMF printing of a funicular polyhedral column: (a) the base geometry (gray) and the intersector (brown); (b) divided surfaces; (c) multimaterial toolpath
curves generated based on the surface division; (d) the toolpath visualization (layer height exaggerated for display); (e) the base geometry cast using concrete with a
height of 250 mm in [73]; (f) the final print with a height of 250 mm; and (g) the comparison details of the two artifacts.
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disciplinary understanding of structural behaviors and material re-
quirements. Traditional multimaterial 3D printing often struggles to
accurately represent detailed, color-coded FEA results withseamless
transitions [74]. The proposed system overcomes these limitations by
enhancing material compatibility, transitional behavior, and software
integration.

We used a pre-designed Triply Periodic Minimal Surface (TPMS) as
input geometry in a compression test simulation in Fusion 360, applying
a 50KN vertical load. The TPMS, created with the Axolotl plugin [75] in
Grasshopper3D, features periodic undulations representing stress vari-
ations (Fig. 13a). Color gradients from blue (low stress) to yellow (high
stress) indicate stress concentrations.

Three PLA filaments (yellow, blue, and green) were assigned to
filament motors E1, E2, and E3, respectively. The G-code embeds ma-
terial data, placing blue filament in low-stress areas, yellow in high-
stress zones, and green in medium-stress regions. During printing, the
blending auger (E0) maintains a constant speed, with filament feeds
adjusting to stress magnitudes. The resulting multicolor TPMS print
(Fig. 13c, d) accurately captures the model’s stress distribution and
intricate structure.

4. Discussion

This study introduces the Single-Nozzle Multi-Filament (SNMF)
system as an advanced extrusion-based MMAM technology that supports
gradient material compositions and transitions through active mixing.
The design addresses three key objectives outlined in the introduction:
establishing a robust single-nozzle multimaterial system, controlling
material transitions with high fidelity, and providing advanced design
strategies for complex multimaterial objects.

4.1. System design and performance

The SNMF system exhibits high controllability by integrating mul-
tiple materials feeds into a single nozzle with an active mixing auger,
eliminating the need for nozzle switching. This single-nozzle approach
simplifies the hardware and reduces potential points of failure, enabling
seamless material transitions and allowing for real-time adjustments to
the auger speed. The sys controllability allows for precise adjustment of
material composition during transitions, making it adaptable to a vari-
ety of applications requiring specific material blends. It improves print
efficiency by avoiding delays associated with nozzle switching in multi-
nozzle systems. The continuous gradient and mixing capabilities enable
high-quality transitions, making it suitable for applications needing both
structural integrity and visual consistency. The sys reliance on viscosity-
compatible materials limits the range of materials it can effectively
handle. For materials with highly divergent viscosity, achieving a ho-
mogeneous mixture is challenging, potentially compromising bonding
and structural performance. Additionally, while the single-nozzle design

@ ‘ ®
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simplifies the system, it may struggle with rapid material changes due to
the time required for thorough mixing in the auger, especially at lower
speeds.

4.2. Material fidelity control

Material fidelity Control in the SNMF system is achieved by con-
trolling gradient composition and understanding the material transi-
tional behavior between different filaments. Our numerical method
allows us to visualize the designed MM object accurately. While mate-
rializing the visualization, the rotational speed directly impacts the fi-
delity of material transitions, as it regulates the extent and smoothness
of blending between materials. Lower auger speeds promote thorough
mixing, resulting in stronger bonds and smoother gradients, while
higher speeds allow for quicker transitions but may yield less cohesive
gradients. This capability to adjust gradient composition enables users
to balance fidelity and material bonding performance based on specific
application requirements. The sys control over gradient composition
and transitional material interface provides flexibility to optimize both
the mechanical strength and visual quality of multimaterial prints. It
allows for gradual transitions with optimal inter-material bonding. The
ability to adjust gradient smoothness based on transitional behavior
makes the SNMF system effective in scenarios where consistency in
material properties and visual uniformity are critical. While lower active
mixing speeds benefit gradient smoothness and bonding strength, they
can potentially increase print times, which may not be ideal for appli-
cations that prioritize speed. Conversely, higher active mixing speeds
may compromise transition quality, affecting bonding strength and
potentially reducing durability. The SNMF sys material fidelity control
over gradient composition and transitional material interface is opti-
mized for materials with similar viscosity; this limits the system’s
versatility with more complex material combinations where viscosity
differences could lead to less predictable transitional behavior.

4.3. Design and modeling strategies

The SNMF system employs advanced design strategies, including
image sampling, discrete patches, and surface division, to support
complex geometries and tailored material properties. These strategies
enable efficient translation of CAD models into multimaterial,
fabrication-ready objects, supporting intricate design realizations
without post-processing. These strategies streamline the design-to-
fabrication process, allowing for the versatile and efficient production
of multimaterial objects directly from CAD models. By embedding spe-
cific material properties into the model, the SNMF system enhances both
the functional and aesthetic characteristics of printed objects. This
approach reduces the need for post-processing and assembly, which are
often necessary in conventional MMAM systems, saving time and costs.
The complexity of these strategies can increase computational

Fig. 13. A Triply Periodic Minimal Surface (TPMS) geometry printed with PLA filament of three colors based on the FEA result of two-point loading: (a) the loading
condition and the FEA result; (b) the toolpath visualization with embedded material information, where yellow indicates higher stress; and (c) (d) the final print with
high fidelity represents the FEA result. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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requirements, leading to longer design and slicing times, especially for
intricate geometries. Additionally, while the design strategies support
material gradient control, they are limited by the sys material compat-
ibility, as the SNMF performs best with viscosity-matched materials.
This restricts the system’s application in scenarios requiring extreme
material property contrasts within a single object.

4.4. Future directions

Future work on the SNMF system could enhance system design and
performance by broadening material compatibility, increasing transi-
tion speed, and incorporating multi-axis printing. Expanding the range
of compatible viscosity would open new applications, while optimized
auger design or adaptive speed controls could enable faster material
changes without sacrificing bond quality. Adding multi-axis movement
would also support complex geometries, improving both strength and
flexibility in multimaterial prints.

For material fidelity control, future efforts should focus on dynamic
algorithms to adjust auger speed and feed rate for precise gradient
control. Enhanced control at the material interface could enable
smoother transitions between materials with dissimilar viscosity,
possibly through localized heating or surface modifications. Predictive
modeling of material behavior could further improve fidelity, allowing
for accurate, consistent transitions while reducing setup time.

In design and modeling strategies, efforts to optimize computational
efficiency could speed up the transition from CAD to print-ready models.
Improved embedding of material properties in designs would enable
gradient-based and stress-specific material distributions. Extending the
sys capacity to handle extreme material contrasts, such as flexible-to-
rigid or conductive-to-insulative transitions, would also expand its
applicability across diverse multimaterial printing needs.

5. Conclusion

This study presents a single-nozzle multi-filament printing system
compatible with various filaments and capable of active mixing, which
enables smooth transitions and gradient multimaterial compositions. By
detailing both the technical and methodological aspects, this work ex-
pands the wunderstanding of MMAM (multimaterial additive
manufacturing), offering a complete workflow from design to fabrica-
tion. The slicing method integrates material information directly into G-
Code, enhancing fidelity in MMAM processes. Addressing a material
fidelity gap in MMAM, this work introduces a numerical model and
active mixing control for the SNMF system to manage precise material
transitions and gradient compositions within complex multimaterial
objects. The ability to control material placement with high accuracy
enables a more seamless and integrated design process, supporting
intricate designs with controlled material properties. Through case
studies, the SNMF system demonstrates versatility in various printing
scenar image sampling for intricate 2D patterns, discrete patches for
function-specific structures, and surface division for continuous geom-
etries. These applications showcase the sys capacity to produce complex,
functional, multimaterial objects, such as a compressive column with
added non-load-bearing material.

The study establishes an alternative MMAM framework with higher
fidelity capabilities, though further refinements in the blending mech-
anism, material compatibility, and scalability are needed. Future de-
velopments aim to integrate robotic arms and scalable extrusion
systems, positioning the SNMF system as a robust platform for multi-
material object design and production across disciplines.
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