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Abstract. Multi-material fused filament fabrication (FFF) offers the
ability to print 3D objects with very diverse surface appearances. How-
ever, control of the surface appearance is largely a matter of trial and
error unless the employed materials are very similar and very translucent,
so we can think of them as blending together. When the multiple ma-
terials are fused into one filament in a diamond hotend extruder but do
not blend, the resulting surface appearance depends on the printing di-
rection. We explore how this leads to milli-scale colorations as a function
of the printing direction. By having preferable printing directions, it is
possible to exploit the limited color blending of this nozzle with multiple
inlets and one outlet and further enhance particular color effects, such as
goniochromatism. We present a framework based on both experimental
and computational fluid dynamics analysis for controlling the extrusion
process and the coloration of the surface according to preferable print-
ing directions and mixing ratios with the aim of enabling fused filament
fabrication of intricate surface appearances.

1 Introduction

Fused filament fabrication (FFF) is a popular technique for additive manufactur-
ing because of its low cost. Color control has recently been explored in FFF by
means of a diamond hotend extruder [27]. This extruder takes multiple filaments
as input and outputs one fused filament (multiple-in-one-out nozzle). The prin-
ciple is that the input filaments are conveyed into a mixing chamber where they
merge. They then move to a transition zone where the temperature facilitates
fusing of the filaments, and the nozzle deposits the fused filament onto the build
plate. Song et al. [27] present an approach to produce reliable color gradients by
fusing very translucent filaments so that the colors of the three filaments would
seem to blend. In many cases, however, the colors of the fused filaments do not
blend but rather mix.

When filaments combine to generate one mass with discernibly separated
colors, we call it mixing as opposed to the indiscernible blending of filament colors
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into a new color. This is a color analogy to the chemical use of the terms, where
chemical mixing of constituents is reversible whereas blending is not. In this
work, we study the visual effects of filament mixing instead of filament blending.
Mixing of multiple colors or even multiple materials in one filament leads to
intricate surface appearances, where the printing direction plays an important
role with respect to the deposition of colors on the surface of a printed object.

Filament mixing occurs in a diamond hotend extruder when we have the right
ranges of temperatures and pressures. The filaments then do not blend, and we
can achieve color transitions along contours or shapes. Thus, as opposed to Song
et al. [27], we start from the hypothesis that filaments in the nozzle tip do not
blend with each other. We investigate the color deposition along each direction
and exploit our findings to control color gradients by modulating the extrusion
rate in each printing direction. In this way, by controlling mixing ratios and their
variation, we carry out transition effects to create milli-size details not only in
profiles and shapes but also in flat surfaces according to the printing direction.
In a sense, our work enables a multi-color variant of the appearance fabrication
technique by Chermain et al. [6].

2 Related work

Early work on color hatching and print direction was based on the use of mul-
tiple printing nozzles with a control on the azimuth angle for the printed part
and the design of a tool-path planner [11]. Another approach involved dual-color
(two-tone) texture-mapped surfaces [21], which were achieved by offsetting and
overlaying different filaments in different layers. Following up on these ideas,
Kuipers et al. [14] studied the linear halftoning principle of the prints to bet-
ter control the transition of colors in objects. They used a dual extruder with
switching of the tool-head to change colors. Also, Babaei et al. [4] used a multiple
extruder machine. They found another way to optimize the process by comput-
ing the ink concentrations through an algorithm that provides a strict order of
inks to the layers.

Alternatives to the multiple extruder system are the filament splicer [30],
where different spliced filaments follow a designed tool-path planner to print
multi-color, and ink FFF, where the filament is dyed according to its usage
[12]. Filament splicing and inking are good for printing surfaces with patches
of properly separated colors but do not enable effectively the combination of
multiple colors or materials in one filament cross-section and the use of different
tones from the filaments owned. Littler et al. [15] however achieved a mix of
colors on a filament by applying ink from permanent markers. As a result, they
observed differences according to the printing direction, but they also observed
contamination of ink from marker to marker, and they did not describe a model
for estimating the expected surface color as a function of the printing direction.

The diamond hotend technology we use has the advantage of fusing multiple
filaments into one where the input filaments form a shared cross-section, but
studies are mainly focused on how to reduce material usage and printing time [35]
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Fig. 1. Retention of colors in 3D printed filaments.

or improve the segmentation between colors [36]. The work most closely related
to ours is the work of Song et al. [27], but they mainly focus on the use of highly
translucent filaments enabling color addition through strata.

3 Method

Fused filament extrusion is not a trivial problem. Many studies exist on the single
extrusion process and the related fluid/melt dynamics [5,29,20,31,32,3,24,22,23],
but we have been unable to find references on the multiple-in-one-out nozzle
extrusion process. Hence, we developed a computational fluid dynamics (CFD)
system to describe it.

3.1 Simulating the Multiple Extrusion Process

The process consists of multiple filaments conveyed into one tool-head with a hot
end. Our setup is a multiple Bowden extrusion system, with three drive gears and
one hot end. When two or more filaments are mixing at the tip of a nozzle with
appropriate temperature and pressure, we obtain an extrude with retention of
colors of the initial filaments, as depicted in Fig. 1. According to such evidence,
we decided to investigate the correspondence between the color hatching and the
print direction and exploit our findings to control color gradients by modulating
the extrusion rate in each printing direction.

To find a simple geometric model for describing the extrusion process, we first
use the tool FLOW-3D (Version 12.0; 2019; Flow Science, Inc.) [10]. We develop
a novel Computation Fluid Dynamics (CFD) model to simulate the extrusion-
deposition flow of multiple materials in FFF. According to literature, FLOW-3D
was previously successful in predicting extrusion flows [17,22,16,8,28]. Our model
comprises a cylindrical nozzle representing the tip of the E3D V6-nozzle, and a
static substrate/build plate, as seen in Fig. 2 (left). We consider a nozzle speed
of 50 mm/sec and a layer thickness of 0.3 mm. In the case of multi-material
representation, our model uses three mass sources occupying the nozzle orifice
equally. The locations of these are at the top of the nozzle (Fig. 2, left). Material
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Fig. 2. Geometry of the CFD model (left). The hotend is visible from the side and
top view with its extrusion tip and three mass sources in it and the substrate. Post-
processing of a simulated result (right).

i for i = 1, 2, 3 has a source of fluid with its own scalar concentration value ψi

corresponding to its color.
The extrusion-deposition flow of the multi-material was modelled as a tran-

sient and isothermal Newtonian fluid, as modelled in [7,26,25,18]. Those are
sufficient assumptions to predict the strand size observed in the experiments.
The continuity, momentum, and scalar transport equations governing the flow
dynamics then become

∇ · u = 0 , (1)

ρ

(
∂u

∂t
+ u · ∇u

)
= −∇p+ η∇2u+ ρg , (2)

∂ψi

∂t
+ u · ∇ψi = Di∇2ψi , (3)

where u is velocity, p is pressure, t is time, ρ is density, g is the body acceleration
vector, and η is the constant viscosity of the Newtonian fluid. We use ρ = 1240
kg·m−3 and η = 1000 Pa·s. In the transport equation, ψi denotes the scalar
concentration (mass per fluid volume) of input filament i and Di is the diffusion
coefficient. The latter is approximated by

ρDi =
η

Sc
+ ψc,i , (4)

where Sc is the Schmidt number and ψc,i is a constant scalar concentration for
input filament i. This model describes how the colored materials move.

We use the finite volume method (FVM) and discretize the computational
domain of the model using a uniform Cartesian grid. The bottom plane of the
model contains a non-moving solid substrate, meaning that the plane has a wall
boundary condition. The nozzle orifice at the top plane has an inlet boundary
that includes the mass sources. We give other planes a continuative boundary
condition. The fluid can then escape the computational domain, but the do-
main is large enough to keep the fluid inside it. Solid objects that can touch the
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fluid have a no-slip boundary condition. The pressure and velocity components
are solved implicitly in time. The momentum and scalar advection are calcu-
lated explicitly with second-order accuracy in space and first-order accuracy in
time. Furthermore, we model the free surface using the volume of fluid (VOF)
method [34,9]. Moreover, we set the time step size to be dynamically controlled
based on stability criteria during the simulations in order to avoid numerical
instabilities [10], where we set an initial minimum value to 10−5.

To visualize a 3D strand simulated using our method and to present 2D
cross-sections of deposited strands, we use the post-processing tool FLOW-3D
POST [10]. A result is in Fig. 2 (right). The material coming from a mass source
has an integer scalar concentration value representing its color (red = 3, green
= 2, blue = 1). When the fluid fraction is visualized the three colors are blended
showing a smooth transition from one color to another. These color transitions
in the simulated results are a consequence of both numerical and scalar diffusion
that also take into account the scalar fraction in a given control volume.

3.2 Geometric Color Distribution Model

Based on our simulations, we came up with a simpler geometric model to describe
the distribution of colors for different print directions. The idea is based on the
filament material cross section at the nozzle tip over the build plate, where the
three filaments occupy space according to their grade of homogeneity and their
chosen mixing ratios. The motion of the nozzle tip across the build plate and
along a chosen direction was thought of as a repetition of the same projection
pattern with its overlay, causing the mix of the filaments.

In the model, the extrusion tip is ideally divided into 12 circular sectors with
a top angle of 30◦ and construction lines that are traced for each angle formed in
this way. The construction lines are traced following a geometrical approach and
they hence approximate the actual conformation of the colored filament melts in
the nozzle tip. The straight continuous lines passing through the centre O are the
main construction lines and their intersection with the circumference generates
two points for each angle. The parallel dashed lines to the main construction
lines represent the secondary construction lines and complete the design, as
depicted in Fig. 3 (left). For each angle, there is one main construction line
and four secondary lines, dividing the tip into six parallel sections. The model
was designed with an ideal mixing ratio of 33.3% for each filament. We took
advantage of these six sections in order to compute the occupation of the space
between the three filaments. The division into sections also helps quantify to
what extent the filaments do not mix. Assuming cyan, magenta, and yellow
input filaments, we calculate expected CMYK colors using ratios of the areas of
each filament relative to the whole area section.

As an example, we show the section ABEF along the direction at 0◦ with
the vertical axis (Fig. 3, left). In this section, the two colors are not occupying
the same percentage of space and the difference is given by the triangle △HOK,
where H is found at the intersection between the construction line traced from
B to E and the segment OC originating from the perpendicular bisector of the
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Fig. 3. Geometric division of the nozzle tip (left) approximating the distribution of the
colored filaments. Analytic assessment of the color distribution upon extrusion (right)
according to the printing direction (arrows).

construction lines along the chosen direction, and K at the intersection between
BE and the segment of a construction line that matches the boundary between
the two colors. Considering the area of the section AOHB as a unit, the area of
the section AOKB defines a directional coefficient x:

x =
AAOB +ABOH +AHOK

AAOB +ABOH
=

r2π
12 +

√
3r2

8 +
√
3r2

24

r2π
12 +

√
3r2

8

, (5)

where the radius of the nozzle tip r cancels out, and we have x = 1.15 giving 15%
more cyan than magenta in the ABEF section. Generalizing this method, we
can find the areal fraction of a color in one half of a section of interest. We choose
half sections to enable the use of different weights for front and rear parts of the
cross section, as we can see in the example simulation in Fig. 2 (right) that the
material in the rear part of the nozzle tip with respect to the printing direction
comes out on top. Selecting a uv-coordinate system, where v is the (negated)
printing direction and u is perpendicular to this, the result for a section from u1
to u2 is

x =

∫ u2

u1

∫ √
r2−u2

f(u)

dv du

/∫ u2

u1

∫ √
r2−u2

0

dv du , (6)

where f(u) is the color separation, that is, a curve that cuts the section of
interest. In the case of a straight line cut (as in Fig. 3), we can use the material
division angle θc between two colors to find the slope of the line. Measuring the
division angle θc from the v-axis, we have

f(u) =
cos θc
sin θc

u . (7)
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We found parametrization of a section by angles with the v-axis more convenient.
This means that u = r sin θ, and we use sin θ1 = u1 and sin θ2 = u2. Another
way to write (6) is then

x =

∫ θ2
θ1

(
cos2 θ − f(sin θ) cos θ

)
dθ∫ θ2

θ1
cos2 θ dθ

(8)

= 1− 2

∫ θ2
θ1
f(sin θ) cos θ dθ

θ2 − θ1 +
1
2 (sin(2θ2)− sin(2θ1))

. (9)

Using the straight line cut in (7), the formula becomes

x(θ1, θ2, θc) = 1− cos θc
sin θc

cos2 θ1 − cos2 θ2

θ2 − θ1 +
1
2 (sin(2θ2)− sin(2θ1))

. (10)

The full section example in (5) is obtained with parameters θ1 = 0, θ2 = π
6 , θc =

2π
3 . For half sections, the division angle θc will be smaller than π

2 and x becomes
the fraction of the half section occupied by a color.

Colors along different directions are dithered in a way that makes the load
factor difficult to establish. One should consider color loss due to the layer thick-
ness, the optical properties of the materials, and the coating coefficient of the
lower material (excluding the effect of the substrate) [13]. In this study, these
aspects are not precisely described. We approximate our color filaments with a
percentage range from 0 to 100, where 0 is the absence of a color and 100 means
fully used. Thus, using the CMYK (c,m, y, k) model, we have the boundary
condition:

c+m+ y ≤ 100 . (11)

We exclude black (k) as it is currently not available in our printer, and we
consider each of c, m, y a linear interpolation of two evaluations of (10) (x
converted to percentage) with blending parameter a. The two evaluations are
for the two half sections with parameters corresponding to the section of interest
(θ1, θ2) and the material division angle (θc) in this section.

Based on our perception of translucency of the input filaments we use and
on the distribution of material in the output filament of our simulations (Fig. 2,
right), we selected a blending parameter of a = 10

17 . This factor is used for the
rear half section of the material in the nozzle cross section because the simulation
demonstrates that this comes out on top. For the example in Fig. 2 (right) with
the nozzle moving downwards, the linear interpolation of the areas with colors
in the two half sections is

c = (1− a) cfront + a crear ≈ 7
17 0.15 +

10
17 1 = 0.65

m = (1− a)mfront + amrear ≈ 7
17 0.85 +

10
17 0 = 0.35 ,

where mfront = x(0, π6 ,
π
3 ) and cfront = 1−x(0, π6 ,

π
3 ). The resulting CMY color is

then (65, 35, 0). Fig. 3 (right) illustrates the result of evaluating our geometric
model for 12 different printing directions. Table 1 lists the colors of all the
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Table 1. CMY values for each section per printing direction.

P.direction/Section 1 2 3 4 5 6

0◦ (0,0,100) (0,18,82) (0,35,65) (65,35,0) (82,18,0) (100,0,0)
30◦ (0,0,100) (0,0,100) (32,23,45) (59,41,0) (59,41,0) (59,41,0)
60◦ (0,0,100) (26,0,74) (50,0,50) (50,50,0) (26,74,0) (0,100,0)
90◦ (59,0,41) (59,0,41) (59,0,41) (32,45,23) (0,100,0) (0,100,0)
120◦ (100,0,0) (82,0,18) (65,0,35) (0,65,35) (0,82,18) (0,100,0)
150◦ (100,0,0) (100,0,0) (45,32,23) (0,59,41) (0,59,41) (0,59,41)
180◦ (100,0,0) (74,26,0) (50,50,0) (0,50,50) (0,26,74) (0,0,100)
210◦ (41,59,0) (41,59,0) (41,59,0) (23,32,45) (0,0,100) (0,0,100)
240◦ (0,100,0) (18,82,0) (35,65,0) (35,0,65) (18,0,82) (0,0,100)
270◦ (0,100,0) (0,100,0) (23,45,32) (41,0,59) (41,0,59) (41,0,59)
300◦ (0,100,0) (0,74,26) (0,50,50) (50,0,50) (74,0,26) (100,0,0)
330◦ (0,41,59) (0,41,59) (0,41,59) (45,23,32) (100,0,0) (100,0,0)

sections for each printing direction, and section counting is from left to right
taken with respect to the printing direction.

For a particular extrusion direction, the profile of pressure is different for the
front and the rear part of the tip [1,24,7]. In fact, the synergy of the fan, placed
above the nozzle to control and keep the temperature as uniform as possible, and
the printing direction strengthen the uplift of the melt outside the projection of
the tip and provide an additional gradient of force to the momentum. For a
selected printing direction, the melt has a higher uplift in the front part because
of the friction force. This generates a profile where the pressure of the melt at the
tip is lower than the one at the contact point with the build plate. In this way,
the rear part, which has thus a lower uplift of the melt outside the projection
of the tip, receives a slight upward pressure that covers the front part. However,
this is not always consistent because the pressures in the nozzle are, on average,
higher than the ones in normal one-nozzle FFF and the optimal range of those is
narrower. It is thus more frequent in our case to have melt fracture or sharkskin
instabilities [24].

The extrusion process is also related to the filament feed. In particular, ac-
cording to the volume continuity equation (1), the volume of the material en-
tering the nozzle tip must be equal to the volume of material extruded from the
outlet. Thus, we write the formula for the filament feed Estep as

Estep =
4whL

πd2
, (12)

where h is the height of the layer, w is the extrusion width, L is the length of
the filament extruded (with relation to E), and d is the filament diameter [2].

4 Experiments and Visualization

We followed a trial-and-error method [1] to find the temperature, flow rate, and
print speed that would meet our objective of having filaments in the nozzle tip



Influence of the printing direction in multi-material FFF 9

Fig. 4. Radial dodecagon. Photos of the central radial structure seen from above (mid-
dle left) and the entire part (middle right). Visualization of the radial dodecagon from
above (far left) and the entire part (far right). We rotated the sample to have the colors
in the different strands comparable to the colors in Fig. 3 (right).

that mix but do not blend. The outflow of the melted filaments is then only one
filament with separated phases according to the chosen mixing ratios. To test
our theories, we implemented a custom slicer with a tuning of the rotation of the
gears in the stepper motor drivers by generating a computer numerical control
script (G-code). We followed the approach of having all three extruder drivers
enabled and making them work weighted according to the equation:

n∑
j=1

wj = 100 , (13)

where wj is the weight of extruder j and n is the number of extruders. We set
the sum to 100 to indicate 100% of the the nozzle tip volume. To apply these
weights correctly to the diamond hotend technology, we consulted Spiritdude’s
Public Notebook [19]. We converted the mixing ratios to the G-code format
through the use of A, B and C, used in CNC machines as rotational axes around
X, Y and Z. We used a three inlets diamond hotend 3D printer and poly-lactic
acid (PLA) filaments of different colors. The nozzle was an 0.4 mm single nozzle
with a standard 40 watts cartridge heater. The board was RAMPS 1.4 EFB (i.e.
the connections are for E-extruder, F-fan and B-build plate) with architecture
Arduino ATmega2560 and stepper expander and we configured the board with
Marlin 2.0.8. The build plate was not heated for the entire process because
the material of the build plate was sticky enough to facilitate the deposition
without incurring warpage or problems during the process. We set the printing
temperature at 220 ◦C and the nozzle speed at 50 mm/sec while feeding the
nozzle with 1 mm of material.

To test the accuracy of our geometrical model and the feasibility of using it as
a base for a visualization tool, we printed a prism with a radial dodecagonal base.
Every layer was printed with a radius starting from the centre and culminating
in each vertex of the dodecagon and a broken line connecting all the vertices.
The printed part is in Fig. 4. By constructing this radial dodecagon, it appears
that some print directions have the coalescence of all three colors, while others
are more stable and easier to predict. Moreover, opposite print directions have
slightly different colors. Overall, the printed part correlates quite well with the
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Fig. 5. Visualizations (left and middle) and prints (right) of a square with 10° inclina-
tion and (33,34,33) color combination. Visualizations show the difference between 2D
(left) and 3D (middle) with color mixing and alpha channel adaptation. The printed
parts exhibit milli-scale coloring effects.

simple geometrical model and we then designed a visualization system based on
the sections depicted in the geometrical model (Fig. 3, right), in order to predict
beforehand the outcome for other surfaces.

The strategy adopted is based on a custom 3D printer simulator with the as-
sumption that the deposition of colors works according to the FLOW-3D model
described before, related to the juxtaposition of the strands, and to our geomet-
rical model for the placement of blended sections in between. In addition, we
considered the non-extrusion movements of the tool-head an active part of the
printing process, as the oozing effect may occur. The visualization of the digital
twin is in Fig. 4.

We followed a similar approach for flat surfaces. Printing on flat surfaces
and retaining the same optical effect require different specifics. In this regard,
we took advantage of the construction lines and the difference in color between
two opposite directions in Fig. 3 (right). Thus, we took into consideration the
fact that during the quick non-extrusion movements in the printing process, the
tool-head suffers from oozing while retracting the filament due to the gradient of
pressure at the nozzle tip. Thus, in our visualization system, we considered the
GO linear movement (G-code) as an extrusion movement as well, even though
it has a limited impact on the final appearance. Moreover, we included the
mixing of the filaments, although all the tests have been conducted on equidistant
parallel lines. The borders and the proximity between lines can dirty the tip and
drag undesired color onto other parts of the prints. Assuming so but neglecting
it, we first visualized the effect by adding these properties to our tool: we created
the coloring effect by considering as extrusion points the non-extrusion ones and
we added mixing lines only at the interfacial portions between filaments.

Moreover, we added the effect of the colors due to the extrusion weights by
including the alpha channel to have a more realistic effect on the prints. The final
result is visible in Fig. 5. In order to plot in 3D the desired effect, we added a
plotting scheme according to the minimum distance from the camera, as well as
for the line thickness. We changed the layer thickness according to the camera
distance. The maximum camera distance was set at 10 and the minimum at
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Fig. 6. Top: Angular resolution of an eye, where ϑ is the smallest resolvable visual
angle (1/ϑ is the visual acuity), D is the diameter of the pupil, λ is the wavelength
of the light, while L and d are the distance to and the height of the detail. Bottom:
Schematic representation of the change of view in a multi-color 3D printed patch with
a detail, x, below the threshold d (loss of acuity). The angles φo and φe are respectively
your elevation as observer and the elevation of the eye in the figure.

4.5, as well as the maximum line thickness at 4 and the minimum at 1. This
operational range was due to the choice to have the entire visualization of the
part and not just a detail. In addition, when the line thickness is too big, the last
plotted line superimposes all the others and this is not what we desired when,
according to the geometrical and the physical model, we had different colors
distributed in every hatch. Finally, as the last step of our pipeline, we printed
what was found with the visualization tool. All the parameters used before for
the radial dodecagon have been kept here as well. Results are displayed in Fig. 5.

5 Visual Effects

The design of a part can create very different color effects. When looking at a
filament from a distance, we cannot clearly distinguish one point on the filament
surface from another. The visual acuity of a human is limited. It is considered
an areal patch subtending the smallest possible solid angle that we can distin-
guish [33]. When observed at some distance, this minimal discernible area covers
several different colors that we will perceive as one color (at 1 m distance the
patch has a width of 0.136 mm). If we look at the filament from a different angle,
the ratio of different colors in the patch can change causing us to see a different
color (Fig. 6). This leads to goniochromatism, which we sometimes observe in
our mixed filaments.

The design of the print path is essential for reproducing this effect. When
printing vertically with a circular pattern, the filaments are deposited one upon
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Fig. 7. Visualization of the process for rounded shapes.

another and this limits the visibility of the top part of the strands. Moreover, the
filaments are not printed concentrically but they are slightly offset because of the
uncompleted blending at the nozzle tip. In this way, in turn, from an external
position along the trajectory, they gradually move inward to reach the internal
position, and vice-versa. This particular pattern creates two blended zones where
the filaments are moved transversely with respect to the portion of the nozzle
tip they occupy (Fig. 7). In a flat surface instead, the goniochromatism is based
on the juxtaposition of the filament strands so that it is possible to create such
optical effects according to the change in the elevation of the observer.

6 Results and Discussion

We applied our CFD model to multi-material deposition in four different printing
directions. In Fig. 8, we present the simulated strands and their cross sections
taken midway along each strand. These results clearly demonstrate that the
printing direction influences the distribution of colors in a strand and, as a
consequence, it will influence the colors that appear on the surface of a printed
object too. The position of each color in the filament is clear. If we let the green
color in this simulation represent yellow in our geometric CMY model (Fig. 3,
right), the positive X-direction in the simulation corresponds to 120 degrees in
the geometric model, the negative Y-direction corresponds to 210 degrees, and
so forth. The distribution of colors seen in the simulation thus matches our
simplified geometric model fairly well.

3D-printing goniochromatic-like surfaces with a multi-material FFF printer
requires the calibration of several parameters. The selection of the correct slicer
is fundamental to control effectively the deposition of material. We designed and
assessed three custom slicers to be able to control the flow rate during extrusion
and have multiple filaments in the nozzle tip that do not blend. They were based
on computer numerical control scripts (G-code), which input precise commands
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Fig. 8. Strands of multi-material printing and their cross sections for different printing
directions: (A) positive X-direction; (B) positive Y-direction; (C) negative X-direction;
and (D) negative Y-direction.

for the gears. An example of extrusion along the x-axis is as follows:

G1F500X50Y50Z0E10 ⇒ G1F500X100Y50Z0E20 ,

where X, Y, Z are the coordinates of the system taken into account, G is
the command for the linear movement, F is the tool-head speed and E is the
extrusion rate, Estep in (12). Moving the extruder from point to point, in order to
have a continuous flow, we had to increase the length of the filament that enters
the extruder. By changing the value of the Estep in the illustrative string above,
it was possible to modulate the filament flow and the extrusion process itself.
The G-code file enables both an easy switch between different extruder drivers
or the simultaneous use of them. We thus tested three different approaches to
find the better method for carrying out prints with milli-scale precision (Fig. 9).

In our first approach, the extruder switched after a fixed amount of points by
turning them off and on when desired. This method (Fig. 9, left) was the easiest
to implement, but it gave a delay due to the continuous change of pressure in
play and it was not possible to extrude effectively by switching the motor driver
at every string.

In our second approach, we divided the difference between two strings for the
X, Y, Z, and Estep values into a pre-selected number of parts and an additional
string was generated for each of these segments. This enabled the creation of sub-
strings that could improve the resolution and reduce the delay between points.
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Fig. 9. The three implemented approaches. T1 → T2 represents the switch from the
T1 extruder (in orange) to the T2 extruder (in blue). A and B represent the mixing
ratios for each extruder in the third approach. In red inaccuracies such as wrinkles.

The switch was weighted according to (13) and the sub-string was found using

ai ≤ ai+k ≤ ai+1 , (14)

where ai is the point in the Cartesian coordinate system given by a single string
in the G-code and ai+1 − ai is the segment generated in this way with two
different strings, k partitions the segment in sub-segments. This method is not
good for corners and edges because it adds additional artefacts in the texture,
such as bulges and wrinkles, as shown in Fig. 9 (middle).

Our third approach (the one we used for all other results) consists of having all
three extruder drivers enabled with the mixing ratios as we previously discussed.
To assess the quality attainable with these three approaches, we printed a twisted
vase with dimensions of 40×40×80 mm with a hexagonal base and vertical edges
connecting to the subsequent vertex of the projected base at the top (Fig. 9). The
third approach attains the best quality for our purposes, but it is still influenced
by additional parameters that we did not take into account, such as the use of
a fan attached to the tool-head and its vibration profile.

While for vertical surfaces the primary design parameter that could affect
the outcome is the layer thickness, since the responsible for the optical effects
is the mechanism of the machine itself, for flat surfaces, there are many more.
For instance, if the parameters such as printing speed, temperature and retract
length are not set correctly, the surface presents irregularities and the strands
are not visible, as well as any consistent optical effect, except for those ones
related to the material (Fig. 10B).

Thus, in our visualization model, we also took into account different design
parameters that are not directly related to the extrusion process but affect the
final appearance of the part. In fact, we focused on air gaps, which are funda-
mental in the design of optical effects. Sparsely printed strands show only the
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Fig. 10. A) Using our visualization tool for squares with different air gaps and raster
angle of 45° (top left) and the series of squares in Fig. 5 with 10° inclination from the
x-axis and different extrusion weights (bottom left). B) First tests for creating optical
effects of flat surfaces. The left image has temperature, retract length, print speed and
air gap not optimized, whereas the right image has optimized parameters. C) Printed
squares with different printing directions.

retention of colors of the filaments and do not create any particular effect other
than just a series of alternating colors. Also, mixing ratios or extrusion weights
have a strong influence on the final tone of color, as depicted in Fig. 10A.

In Fig. 10A, the series of tests with the direction slanted of 10° from the hor-
izontal ideal 0° line combines different color combinations, according to different
extrusion weights. From the bottom left corner, each square acquired 10% of
the third color for a maximum of 50%, starting from (0,50,50) where the sug-
gested base follows the CMY model (i.e. (10,40,50), (20,30,50), . . . , (50,0,50),
(50,10,40), . . . , (50,30,20)). However, one of the most important parameters that
affect appearance is the printing direction, as depicted in Fig. 10C. These results
demonstrate that a part can visually change by modifying details in the design
setup. The layer thickness, the air gaps, the selection of the slicer, the mixing
ratio as well as the optimal flow rate and more importantly the printing direction
can have a big impact on the final appearance of the part (Fig. 10C).

7 Conclusion

We presented a CFD method for simulation of the multi-material flow in a
diamond hotend nozzle. This is useful for predicting the influence of printing
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direction on the distribution of materials in the output from such a multiple-in-
one-out nozzle. Based on this simulation tool, we proposed a simple geometric
model for describing the color distribution in a printed filament as a function of
the printing direction. In addition, we developed a visualization tool based on
line drawing to provide an indication of the color distribution on the surface of
a printed object as a function of the designed computer controlled tool path (G-
code). Using a printed radial dodecagon, we found a reasonable correlation with
the prediction of our geometric model and our visualization tool. We found the
printing direction useful with respect to performing milli-pigmentation control
when using a multiple-in-one-out nozzle (diamond hotend) technology. Finally,
we suggest a more precise quantification of the effects of both printing direction
and change of the mixing ratio in future work.
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