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Abstract—The additive manufacturing is a growing industry
with applications on a wide variety of areas. Unfortunately,
the systems that implement FDM technology have small build-
areas due to the time required to manufacture the parts.
One possible solution to increase the build-area dimensions,
without increasing proportionality the time of fabrication, is
to use multiple deposition systems simultaneously. This work
proposes a new approach for a tool-path generation algorithm
for a multiple independent print head system, in order reduce
the fabrication time of a large part using FDM technology.
The algorithm generates fabrication scenarios, composed by the
combination of the part position, rotation and number of print
heads. The scenarios are generated randomly, using Monte Carlo
simulations or heuristically centering the part along the build
areas assigned in each scenario, for simulation and optimization
purpose respectively. A multiple tool-path algorithm generates
the deposition paths for each print head, at the same time,
avoiding collisions between them. The algorithm with branch
& bound method optimizes the fabrication time.

The system was performed with four different model parts
applying the developed strategies for the generation of fabrication
scenarios. Its performance was evaluated comparing the fabrica-
tion time using multiple deposition systems with the fabrication
time using a single one. The results show an effective reduction
of the fabrication time, as expected. It is also shown that the
efficiency of the algorithm is related, not only with the number
of deposition heads used, but it also depends on the proximity
of the printing heads assigned to the fabrication of a model.

I. INTRODUCTION

Additive Manufacturing (AM) will be the "third indus-
trial revolution", states a report with this same name from
The Economist in 2012. Also known as three-dimensional
(3D) printing, AM refers to a group of technologies for
the fabrication of three-dimensional products, directly from
a virtual model, by means of material addition. In this type of
manufacturing every object is build layer by layer, enabling
the production for both simple or complex geometries in
the same way. Tool-less machines construct the model parts
autonomously, on-demand and the operator intervention during
the process is little or none. AM operates manly with polymers
and metals. The characteristics achieved by using this fabrica-
tion method and materials are relevant for different industries
on a wide range of applications. AM unique characteristics
have been boosting this industry, which is expected to be a
game changer on the next years, revolutionizing the entire
scenario of industries [1].

The Wohlers report forecasts a growth on AM industry up
to 5.2 billion dollars by 2020, based on the compound annual

growth rate which is rising in an impressive 26.2% for the
past 27 years [2] [3].

II. FDM WITH A SINGLE PRINT HEAD

The Fused Deposition Modeling (FDM) is one AM tech-
nology [4]. The process fuses a thin filament of polymer,
which is extruded and deposited along a path. This deposition
trajectory "draws" the molten layers one upon the others,
outlining and filling each layer shape. FDM is widely used
for rapid prototyping of plastic parts, concept models devel-
opment and end-use parts fabrication, with high mechanical
and thermal strength. Recent developments have empowered
this technique to be effective for small production quantities
[5]. FDM machines have a simple mechanics, comprising a
material deposition subsystem, called print head and an X-Y-
Z positioning subsystem.

The FDM technique is versatile, it is able to extrude a
variety strong plastics, waxes and other polymers with low
melting point but the extrusion concept is also suitable for
deposition of non-plastic materials, such as ceramics [6],
metal/polymer composite materials [7] and [8] or concrete [9].

The method employed by FDM is a slow fabrication pro-
cedure because the large mass that constitute the print head
has to travel along all the deposition paths. The print head
has to accelerate, reach maximum velocity and deccelerate in
each path. Moreover, the maximum velocity of the print head
is also limited to the maximum feed rate of the thermoplastic
[10].

III. PROCESS PLANNING WITH A SINGLE PRINT HEAD

The process planning concerns with the transformation of a
3D model into a set of machine’s instructions to fabricate the
model part as show Figure 1 [11].

Fig. 1. FDM process planning overview

The first step is the 3D orientation of the model over the
building tray, because the fabrication direction and height of
the part has an important effect on the stiffness of the part,



affects the amount and complexity of the support structure
needed, both concerned with the build time, part cost and
surface quality due to the nature of the layering fabrication.

The state of the art on part deposition orientation optimiza-
tion presents numerous research considering the optimization
of only one of various goals, like part accuracy or build time
[12]. Other approaches optimize the orientation minimizing
the weighted sum of the part’s surface roughness and build
time with genetic algorithms [13] or even multi-criteria opti-
mization [14].

Often, complex parts need structural support for uphold
overhanging build material, preventing it to collapse or deform
by gravity. The support design affect the build time and surface
quality. Conventional FDM software has already developed
automatic support structure generators. At the end of the
fabrication the support material is removed [15].

The slicing procedure requires cutting the 3D positioned and
oriented model into a set of thin horizontal layers. It is difficult
to achieve an optimized equilibrium of build efficiency and
geometrical accuracy. By using thinner layers, the fabrication
accuracy and surface quality are increased, but it also increases
the build time, as more layers will be needed. Pandey presented
the state of the art on the slicing procedures, in which several
approaches for Adaptive Slicing are described and compared.
He also introduced a standard measure of surface quality [16].
Other approches, such as "Accurate Exterior, Fast Interior"
allows thinner layers on the outside of the part with thicker
layers to be deposited on the inside [17] and local adaptive, in
which part’s features are separated and sliced independently
[18].

A tool-path in FDM is the trajectory or the set of trajectories
along which the print head moves. Additional tool-paths, in
which the print head does not deposit material, are generated
to move the print head in order to continue the fabrication of
other locations on layer. Different tool paths are generated
for the build material and support material. The tool-path
generation is a crucial and complex issue because it affects
directly the fabrication quality such as part’s stiffness and
strength, surface roughness and dimensional accuracy as well
as they affect the fabrication time. Several tool-path algorithms
such as zigzag, contour, spiral and partition patterns have been
developed (some examples in Figure 2.

Fig. 2. Examples of a few infill strategies applied to a square. Left
to Right: Honeycomb, Contouring, Zig-Zag, Hilbert Curve, Archimedean
Chords, Octagram Spiral

Currently, tool-path generators are hybrid, performing a
series contour-parallel paths to assure geometrical quality and
then infill the interiors with direction-parallel paths (zigzag)
because they are computationally simple to generate and
provide faster fabrications [19].

As a result, the fabrication time of a model part is the
summation of the contours, interiors and non-deposition paths
for all the layers. Since the non-deposition paths generated
increase the fabrication time without reducing the deposition
time, they reduce the fabrication efficiency. Researches focus
on optimization strategies are being developed to predict
and reduce FDM build time and/or improve its fabrication
quality. Sung-Hoon Ahn has studied the properties of the FDM
extruded materials, examining how several process parameters,
such raster orientation, air gap, bead width, color, and model
temperature, affected the tensile and compressive strengths of
directionally fabricated specimens. He concludes that an air
gap and a raster orientation greatly affects the tensile strength.
A criss-cross raster (45o/-45o) and cross raster (0o/90o) with a
0.003 air gap can achieve between 65% and 72% percent of
the measured strength of injection molded FDM part [20].

Pang Wah introduced a Genetic Algorithm based approach
to reduce the non-fabrication time for Layer Manufacturing
methods, reducing the overall build time. The strategy used a
combination of the Asymmetric Traveling Salesman Problem
and Integer Programming (TSP-IP) and two enhanced GA
formulations were proposed to minimize air time [21]. Jin,
proposes a priority-based algorithm for balancing machine
efficiency and fabrication quality. Contour and zigzag filling
are used for boundaries and interiors respectively. Layers are
partitioned and sub-paths are generated for each indivisible
partition. Mutually connected sub-paths are linked together
and non-printing paths connecting remain sub-paths are gener-
ated using a greedy algorithm. G.Q. Jin proposes a hybrid and
adaptive tool-path generation for complex biomedical models.
Using a developed build time and geometrical accuracy anal-
ysis models, Jim algorithm archived a geometry accuracy up
to 97%, against 94% of a common zig-zag tool-path [22].

IV. FDM WITH MULTIPLE PRINT HEADS

The demand for faster and higher quality AM products is
growing for numerous applications. While an early prototype
can be made at small dimensional scale to validate the concept,
later prototypes or real products require a full scale model.
While a prototype is acceptable to take a long time to fabricate,
a product or a production set for AM cannot take the same
time. While a prototype has small dimensions or it is produced
in very small quantities that fit on a single build platform,
other applications may require production sets from dozens to
thousands of units, impractical to produce one by one. There
is a need to:

1) Increase the size of the build area in order to satisfy the
fabrication of larger products as a single piece;

2) Increase the size of the build area in order to satisfy the
fabrication large quantities of products at the same time.

A common FDM machine holds a rectangular build plat-
form measuring around 200x200mm. This small size is due to
the huge amount of time required to print parts with large cross
sectional area, because the print head needs to travel longer
distances to lay down the material, increasing the amount
of time required to fabricate a layer. As a consequence, a



larger machine that takes too much time to fabricate a part
will be unfeasible to use and not commercially competitive.
Another challenge to overcome would be the stability of the
machine due to the large mass of the moving parts, like wires
and tube attached to the print head, that would reduce the
maximum acceleration and deceleration which in turns will
decrease the speed of deposition, leading to the increment of
the fabrication time. Besides the numerous researches on opti-
mization of FDM machines and process planning topics, these
enhancements are limited to the mechanical characteristics of
the system and the properties of the material being deposited.
FDM machines are mechanical constrained to a maximum
extrusion feed rate and motion velocity, both problems are hard
and expensive to solve. Other possible solution to increase
of the amount of material being deposited per time unit is
to increase the number of print heads inside the machine.
Considering a bigger build area, a larger number of equal print
heads can be used to increase number of parts produced at the
same time.

Some players are addressing this opportunity with different
stratagies. Stacker company developed a modular system in
which the print heads are attached to the same axis in equally
spaced suitable for parts replication simultaneously [23].

A patent filled in China presents a machine with rotary print
heads evenly distributed around a rotation angle multiple print
heads move independently in the direction perpendicular to
the axis of rotation, limited to the fabrication of parts with a
central symmetrical sections [24].

Paul Wachsmuth proposed an hardware for a multiple
independent extruder system for concurrent fabrication and
discuss the main issues rise by this innovative machine. A
set of X-Y stages with shared axis for several gantries where
the extruder moves, as show Figure 3 a). All the extruders
will be fabricating the same layer. Wachsmuth studied the
strength of the resultant model beacause the deposition on
the seam could weaken the part. He concludes a seam with
a minimum of 13mm of overlapping distance, alternate the
overlapping for each direction in consecutive layers and a
[45o/-45o] raster filling results on a part strength comparable
to a model fabricated with a single print head [25].

Recently, a parallel FDM machine was conceptually imple-
mented and disclosed on the internet. A project called Escher,
supported by AutoDesk company. The project claimed not
to have develop nor it will release a machine, the project is
focused on a parallel processing system instead.

Another example of multiple print head is the patented
Additive Manufacturing Device assigned to Massivit company.
The system is composed by one or multiple tracks parallel to
one axis (X axis) of the build platform. Multiple carriages,
along these tracks and parallel to the other axis (Y axis),
allow for multiple print heads to move independently from
each other as show Figure 3 b). This innovative configuration
allows the position of the print heads to be changeable during
fabrication, which makes possible to distribute the print heads
along the part area to be fabricated, reducing theoretically the
fabrication time by the total number of print heads assigned

to fabricate the part. The system uses a single build platform
and layer fabrication is made by lowering the platform, which
means that all the print heads have to start the fabrication of
a part at the same time. A machine like this is only efficient
when large parts are produce or multiple parts are produced
at the same time [26].

Finally, other example of decreasing build time with parallel
fabrication is the Contour Crafting technique with multiple
nozzles, developed by Zhang and Khoshnevis, although the
deposition being made in a different scale than FDM.

(a) Machine proposed by Wachsmuth (b) Machine patented by Massivit

Fig. 3. Schematic of relevant multiple print head systems (top-view

Nonetheless, FDM machines with these capabilities are not
(yet) commercially available.

V. PROCESS PLANNING WITH A MULTIPLE PRINT HEAD

A few research on the tool-path generation’s topic has
been written regarding more than one print head. Indeed,
the researchers have developed their own implementations for
the process planning, in particular, the strategies to avoid the
collisions between the print heads.

Zhu and Yu were the first to address the multiple head
extrusion topic exploring a two head system for fabricate a
composition of two materials or colours, in which the extruders
had completely overlapping ranges of motion. Briefly the
process is the following, each layer is divided into separate
regions to be filled by the two different materials and tool-
paths are generated for each one without planning the order
that regions will be filled. A spacio-temporal model is applied
to each region to compute the extruder location over time while
filling that region. Time is treated as the third dimension so
printing head motion is represented as a 3D solid. Thereby,
collisions between different extruders are detected by 3D
solids intersections which can be computational expensive
because precise knowledge of the position, velocity and ac-
celeration is required for all times [27].

A patent filled in China describes a control and printing
method for at least two print heads with completely over-
lapping area. The method divides the part into a groups of
regions that can be fabricated simultaneously without collision
and zones of conflict zones that are fabricated asynchronously
[28].



Wachsmuth also proposed a tool-path planning algorithm.
The part is positioned in the build volume and centered in X
and Y directions at a time using a rectangular grid occupancy
matrix for fabrication and support materials. The extrusion
heads build areas are centered at a time for X and Y directions
and the centreline is found where the total occupancy area
is evenly partitioned. The number of extruders required is
checked and safe areas are generated to prevent extruders to
collide. Safe regions are grouped and fabricated concurrently.
A new group start to be fabricate when all the extruders
complete their region [25].

Another example on multiple tool-path generation, but on a
different scale, is Zhang’s algorithm for Contour Crafting path
planning using multiple nozzles. The approach is consists in
dividing the work amount is divided by the number of nozzles
and iteratively updated based on the calculated building time.
The collision free tool-paths are generated progressively using
tree strategies according to the structure required on the build
site, described next. Some other strategies are applyed, Path
Cycling to shift iteratively the tool-path sequence over time,
Auxiliary Buffer Zones (similar to the ones proposed by
Wachsmuth) and a combination of both. Zhang concludes the
strategies applied progressively increase the chances of find
a feasible solution, in despite of a gradual decreasing on the
optimality of the solution [9].

VI. MODULAR ADDITIVE SYSTEM

Numerous research has been developed in order to optimize
the build time and quality of the parts produced. Great en-
hancements were archived but none of the machines proposed
is commercially available. A possible problem to overcome
might be the efficiency and profitability of these machines on
a fast growing industry.

On one hand, the machine presented by Wachsmuth has
multiple print heads but they are limited to a single config-
uration, in grid formation. In other words, the build area of
the print heads are static and cannot be adapted to all parts
geometry, which can become inefficient or even unpractical.
Moreover, ideally the machine could have multiple print heads
but according to Wachsmuth the machine is limited to one,
two or a maximum of three sets of rails shared due to
mechanical limitations of the use of telescopic arms. However,
the process planning of this machine (positioning and tool-path
generation) is very simple to execute.

On the other hand, the machine described by the patent of
Massivit [26], is able to adapt the build area fabrication of each
print head in order to equitably distribute the part fabrication
time among the print heads, they have dynamic build areas.
However, for wide parts or large production sets, the machine
dimensions and number of print heads can only grow in the
direction of the machine’s length but not in width, which can
be restrictive in some parts geometries and applications,

Moreover, these two machines are composed by one single
build platform, which descends from layer to layer, which
means that once the fabrication of a part starts, the machine is
occupied until the end of the fabrication. In situations when the

parts for fabrication are small or tall and narrow the production
management can be highly inefficient.

For these reasons, it was desired to develop:

• An efficient AM system for multiple deposition;
• An AM system system that could be scalable in both

length and width;
• An AM system that could take advantage of the unused

area on the build platform;
• An AM system that could have a flexible configuration,

that could be changed if necessary;
• A controller, process planning and tool path generation

for a machine with the characteristics mentioned above.

Modularity is our approach to have scalability of the meth-
ods of material deposition along a path. A system with the
presented characteristic was idealized during this thesis and
projected by João Boto in his thesis [29]. The process planning
and tool-path generation is a result from the work developed
in this thesis. The innovative work developed in both thesis,
was submitted for a patent protection in 28/10/2016, with the
application number PT 109710. The author, Nuno Frutuoso,
the engineer João Boto and the professors Rodrigo Ventura,
Marco Leite, António Ribeiro, Luis Reis and Bruno Soares
are the inventors in this patent request. At this time, the INPI
- Instituto Nacional de Propriedade Industrial will publish the
request on the Boletim da Propriedade Industrial n.o 83/2018
and therefore, the patent is pending.

The present invention relates to an Additive Manufactur-
ing system that allows to increase the size of parts to be
produced and / or the production volume without increasing
proportionally the manufacturing time while maintaining the
sub-millimeter accuracy and finishing quality. The modular
AM system comprises a rigid structure, a deposition sub-
system with at at least one upper deposition module or one
lower deposition module, a support sub-system with at least
on platform module and a control sub-system to control and
coordinate the other sub-systems during the parts fabrication,
see Figures 4.

Fig. 4. Drawing of one possible configuration of the novel AM modular
system, with 3 platform modules, 2 lower deposition modules and 1 upper
deposition module



VII. IMPLEMENTATION

The FDM process planning with a single print head is state
of the art, however no evidences were found supporting a
standard process planning for multiple print heads. Therefore,
the author proposes a process planning based on the method
regarding a single print head, shown in Figure 5 and discussed
next.

Fig. 5. Process planning overview for multiple print head systems

Orientation, Support Structures and Slicing Since the
machines presented provided a co-planar deposition, parallel
to the XY plane, the part area will be shared along this plane
direction. Therefore the orientation process is related to the
rotation of the part along X, Y and Z direction. For these
reasons, the part should be oriented and sliced in order to
have the larger cross sections (layers) parallel to the build
platform, to reduce the build time. On the fabrication of
large models, besides the common challenge with the staircase
effect, the orientation has a huge impact on the amount of
support material required. Since the support structure has to
start its deposition on the platform, complex parts with large
cross sections may require the deposition of support material
along these cross sections, increasing the fabrication time and
cost of the model.

Part Positioning The ideal fabrication time of a multiple
print head system, the lower bound by definition, is a fraction
of fabrication time with a single print head with the maximum
number of print heads used, shown in Equation 1. This is
achieved if and only if fabrication time of a layer of each
print heads is equal.

LFT (l, h) = LFT (l)withasinglePH/N, h = 1, ..., N (1)

Therefore, the amount of work (deposition time, non-
deposition time) has to be equally divided. Unlike the process
planning with a single print head, in which the position of the
part on the build platform was irrelevant, in a multiple print
head system this is a very important step. The print heads
are distributed along the XY plane and they are mechanically
limited to a range of motion. Hereupon, in order to have as
many print heads as possible, collaborating on a single part
fabrication, the part has to be positioned in a place where they
can reach it.

The interest of using more than one print head simultaneous
is to effectively reduce the fabrication time, because each print
head will be responsible to lay down material on specific
location of the layer. The layer area has to be partitioned
with the build areas of the print heads, resulting in different
deposition region, each one allocated to a different print head.

Since the multiple print heads are co-planar, a single layer
is laid down at a time. Since each print head has its own
deposition region in charge, the end of the layer fabrication
is establish when the last print head finishes its deposition.
In practice, the slowest print head is responsible for the time
required to fabricate a layer, as show Equation 2. The print
heads that finish their deposition faster will have to wait for
the slowest one in an idle state. For this reason, for an efficient
deposition using this technique, the amount of work allocated
to each print head should be as similar as possible.

LFT (l) = MAX(HFT (h, l)) (2)

Part position along the build platform and consequent par-
titioning into regions are key steps for low fabrication time
of a large part. However, when the position and division are
decided, the real tool-paths have not been generated yet, for
this reason the positioning step is based on an estimation
of fabrication time. Therefore, the estimate of the layer fab-
rication time ELFT (l) is proportional to the larger region
assigned to each print head ER(h, l), as shown in Equation 3,
with A as constant of proportionality. A strategy was proposed
to estimate the LFT (l).

ELFT (l) = A ∗MAX(ER(h, l)), h = 1, ..., N (3)

After positioned, each layer area is partitioned, it is trun-
cated with the build areas of the print heads, resulting in
different deposition areas, each one allocated to a different
print head. These layer partitions are called regions. Due to
the characteristics of the process, each print head has its
own deposition region in charge, therefore, the end of the
layer fabrication is establish when the last print head finishes
its tasks. The slowest print head is responsible for the time
required to fabricate a layer. The print heads that have finished
the deposition will have to wait for the slowest one in an idle
state. For this reason, for an efficient deposition using this
technique, the amount of work allocated to each print head
should be as similar as possible.

The line of intersection between the boundary of adjacent
regions is called the center-line. Mechanically, for a certain
center-line, both the print heads are able to overlap this line.
For strength reasons, the seam is created near the center-line
alternating its position from layer to layer.

Tool-path generation The tool-paths are restricted to the
deposition inside the regions previously generated. On a multi-
ple print head system, once the print heads deposit the material
concurrently, with the requirement of partially overlapping the
build area of their adjacent print heads, a collision may occur
if a pair of print heads get in close vicinity. The collision
detection and avoidance between each print head is mandatory
to ensure safety and effectiveness of the deposition process.
The tool-paths generated must assure the print heads are
sufficiently far from each other during all the fabrication,
which leads to a large complexity.



Although this work concerns with the multiple tool-path
generation algorithm, within the implemented Process Plan-
ning, in Figure 6, this is its last step. For this reason, all the
previous steps were developed and implemented.

Fig. 6. Process Planning developed and implemented

1. The algorithm requires the machine configurations, which
are the parameters that define the machine internal dimensions
(volume), select if the print heads build areas are dynamic or
static (position can or cannot change, respectively) and how
the build platforms and print print heads are distributed inside
the printer. These parameters allow the creation and simulation
of a machine with specific characteristics, such as the ones
presented by Wachsmuth, Massivit’s patent and the Modular
Additive Manufacturing System.The input file should be a
structured layered file (.SVG) with the points of the points
of the polygon of the part inner and outer contours. It was
assumed a fabrication direction of [-45o/45o] and a unitary
velocity.

2.Generation of multiple fabrication scenarios, which are
the combination of:

• The positioning of the part, along X and Y directions,
inside the machine,

• Rotation of the part around the Z axis,
• Distribution of the print heads,
• Distribution of the build platforms for the fabrication of

a part.
In this work, two strategies were developed to generate the

fabrication scenarios, Monte Carlo simulation intended for
the simulation of the algorithm and an Heuristic strategy to
optimizing the fabrication scenario for the part to be built. The
Monte Carlo simulations are executed for a limited period of
time or a limited number of times in order to create random
fabrication scenarios to be estimate the fabrication time. The
more simulations, the more can be learn from the problem,
helping on the development of an heuristic for the tool path
generation algorithm.

Getting a better result can be computationally expensive
and time consuming which can become impractical if the
simulations take too long. For this reason, some heuristics
can be applied to the problem to speed up the planning

process, however, losing some flexibility on the optimization
because the parameters will be determined from a finite set of
possibilities.

The applied heuristics provides the generation of fabrication
scenarios composed by the combination of the part rotation
around discrete intervals of angles and the allocation of
different number of print heads. In each scenario, the part
has to be positioned evenly within the build areas of the
print heads assigned, using the centroid of the layers. The use
of the centroid allows for a center-line, the line that divides
evenly the layer area, to be found for symmetrical and anti-
symmetrical layers parts in the same way. With Static Build
Areas, in each fabrication scenario, the part already rotated
is translated aligning its centroid it the build areas center
(positioned along X and Y directions). With Dynamic Build
Areas, the part is positioned in the middle of the shared rails
of the print heads assigned (positioned along Y direction) and
intersected with their areas. The center-lines are positioned
one by one, from leftmost to the rightmost using a Gradient
descent method in order to determine an equitable division of
the intersected parts.

3. For each fabrication scenario, iteratively, proceed to the
division of the area of each layer of the part/parts by the
number of modules of deposition assigned, creating regions.

4. The goal is to minimize the estimate of the fabrication
time. For each scenario, the Layer Fabrication Time Estimate
LFTE(l) is limited by the print head with higher estimate
(slower one), which estimate is in turn the summation of the
segments of contours and interiors, as shows Equations 4.

LFTE(l) = MinimizehMAX(EHFT (l, h)), h = 1, ..., N
(4a)

EHFT (h, l) =

K∑
k=1

C(k, h, l) +

M∑
m=1

I(m,h, l) (4b)

5. Selection of the fabrication scenario, position and orien-
tation with lower estimate for the total fabrication time.

6. Generate a sequence of deposition trajectories, tool-paths,
simultaneously, for each upper deposition module and each
lower deposition module assigned.

The fabrication time of a model part is the sum of the
fabrication time of each layer LFT (l) in Equation 5 a), which
is limited to the fabrication time of the slowest print head
HFT (l, h), in equation 5 b). Due to the interaction between
multiple print heads, the HFT has to account the time spent
in deposition D(k, h, l) (contour and interiors), the motion of
the print heads NF (p, h, l) and idle time of the print head
used to avoid collisions Idle(r, h, l), as show equation 5 c).

LFT (l) = MAX(HFT (l, h)), h = 1, ..., N (5a)



HFT (h, l) =

K∑
k=1

D(k, h, l)+

P∑
p=1

NF (p, h, l)+

R∑
r=1

Idle(r, h, l)

(5b)

7. The global planner optimizes the search of solutions
for the fabrication of each layer, as shown in equation 6. To
achieve this optimization, the global planner uses the Branch
and Bound (BB) technique to select a feasible solution with a
lower fabrication time.

LFT (l) = minimizehMAX(HFT (l, h)), h = 1, ..., N
(6)

8. The resultant tool-paths can be stored in a G-code format,
commonly used by CNC machines, in order to be interpreted
by the hardware to reproduce the physical deposition paths for
the parts fabrication.

The modular AM system presented can have as much a
N print heads assigned to the fabrication of a model, that
requires T amount of time to be produced by a single print
head. Theoretically and desirably the fabrication time using
multiple print heads would fall to T/N . However, this rule
does not happen due to physical limitations. The Equation 5
shows the Fabrication time is the summation of the deposition
and non-deposition paths, plus the idle times generated to
avoid collision. Increasing the number of print heads reduce
the amount of deposition paths, because the layer is divided
in smaller regions, the two first parcel in the Equation 5 b)
decrease. However, increasing the number of print heads, in-
creases the interactions between print heads in smaller regions.
Those interactions require the generation of idle times in order
to prevent collision between print heads. Therefore, increasing
the third parcel in the Equation 5 b). As a result, the graphic
of the fabrication time regarding the number of print heads
assigned is expected to have a shape like the one presented
in Figure 7. Desirably, the ideal number of print heads that
results in the lower fabrication time can be determined and/or
optimized for greater efficiency.

Fig. 7. Fabrication time curve, a summation of the the number of print heads
and Idle Time

Tool-path Generation Then each region is filled with a zig-
zag pattern. For each region, a set of infinite dexels, parallel to

-45o or 45o according to the layer number, are intersected one
by one with the region shape. The intersection of the dexels
with the region generates segments, named as T1 lines in this
work. From dexel to dexel, small turning segments named
as T2 lines, parallel to the boundary connect the extreme
points of the segments in the same boundary segment. Each
extreme point of each segment is defined as Decision Point
(DP) an stores its (X,Y) position and the segments connected
to it. Typically, a Decision Point will have one T1 line and
two T2 lines connected to it, see Figure 8. This strategy for
the calculation of the interiors, does not sets a direction for
the segment, which means that they can be traveled in both
directions. Each region stores their contour segments, T1 lines,
T2 lines and Decision Points for both infill and interiors.

Fig. 8. Zoom in the T1 lines and T2 Lines resultant from part division

Each print head starts a layer fabrication in the middle
of the build area, the contours are deposited first, from the
outermost to the innermost, followed by the interiors. Non-
fabrication paths are generated to move the print head from
the idle position to the contours and from contours to the
interiors paths. A path connects two points, so, the generation
of a non-fabrication paths requires the decision on which is
the next segment to be deposited. Contours are deposited first,
followed by the interiors. At a each Decision Point, a print
head has to choose the path to travel. If there is a T1 line
unvisited, it is chosen, else a T2 Line will be traversed. If
there is no T1 or T2 lines connected and unvisited, the print
head will jump to another DP that has not been visited yet
and the process repeat until all the DP were visited once.

On the multiple print head system, each print head deposits
the material concurrently, print heads are able to overlap the
adjacent print heads build areas during the fabrication, so
a collision may occur if a pair of print heads get in close
vicinity. A collision occurs when two or more print heads
touch each other. In other words, to avoid the collisions, print
heads should be sufficiently far from each other during all the
fabrication.

One simplification conducted in this work is the represen-
tation of each print head by a cylinder, a bounding envelop
of radius R warps the print head, centered on its nozzle, as
can be seen in Figure 9. Hence, a circle of the same radius,
representing the print head is projected on the XY plane,
parallel to the layer plane. Note that the distance calculated
by the 2-norm between print heads does not grantees that the



print heads will not collide. Since the print heads move along
the Y direction within two parallel guiding rods, the distance
between the rod guides has also to be calculated in X direction.

Fig. 9. A collision is detected if the cylinders warping the print head touch
each other. Extruder adapted from http://e3d-online.com/

Due to the motion of the print heads, the eminence of
collisions have to be checked periodically. It requires calcu-
lating the instant position of each print head and compute the
distances from one to the others. In this work, the collision
detector is executed when a print head is planning a move
through a path, when there is a decision moment (at a Decision
Point). For a certain path is safe to traveled if the absolute
distance between print heads is greater than 2 ∗ R, if the
distance in X between print heads is greater than 2 ∗R and if
during all the steps there are no intersections.

This work proposes a centralized planner to constrain the
tool-paths generation from multiple print heads, preventing
them to collide, assigning them paths where collision will
not happens during its fabrication. Collisions are evaluated
during the paths generation and for this reason, a solution
for a multiple tool-paths without collision is always found
and can even be optimized to get the shortest fabrication
time. The planner generates nodes, called Time-nodes, a time
structure containing the exact location of each print head
at a given time instant, generated every time a print head
finishes the a traversed path and have to decide what to do
next. A Time-Node is generated at each Decision Point and
is used for planning the trajectory followed by each print
head, monitoring the distances from each other. At a time, if a
collision would be eminent, the planner sets the print head that
would cause the collision on an idle state. Jumps are generated
for connecting separate tool-paths and they are also subject
to collision detection algorithm. A Time-node sequence is
therefore the multiple tool-paths for the print heads.

The proposed algorithm employs a Branch and Bound (BB)
technique optimize the fabrication time. I will search for a
feasible solution with a lower fabrication time than the solution
provided by the greedy one. At the beginning, it is not pos-
sible to estimate the lower bound because collision avoidance
increase the fabrication time by an unknown amount. After
finding the first solution, it becomes the lower bound of the
algorithm. Then, at each node, the estimate fabrication time
is calculated as the summation of the time already spent plus
the length of the next path plus the expected time to finishing
the region deposition. The fabrication time is limited to the

slowest print head to finish its deposition paths, therefore the
Lower Bound at the Time-node is the maximum fabrication
time estimate for each print head. In despite, this work does not
focus on the optimization of the multiple tool-path generation
algorithm.

VIII. COMPARISON AND DISCUSSION OF THE RESULTS

Several experiments were conducted in order to demonstrate
the operations executed by proposed algorithms, validate and
evaluate their performance. A few generic parts, with different
shapes were tested, in order to compare the algorithm results
under different circumstances. The fabrication of each part
was simulated with two multiple print heads machine config-
urations (static and dynamic build areas) and also with a single
print head for comparison purposes.

(a) Monte Carlo Simulations and
Static Build Areas

(b) Monte Carlo Simulations and Dy-
namic Build Areas

(c) Heuristics and Static Build Areas (d) Heuristics and Dynamic Build Ar-
eas

Fig. 10.

The Table I presents the fabrication time obtained for the
multiple print heads configurations with static and dynamic
build areas, with and without heuristics. The fabrication time
obtained, by the same algorithm, for a single print heads is also
presented in order to be used as a metric for the evaluation of
the time reduction obtained using multiple print heads.

The results are clear for all the strategies employed, the use
of multiple print heads has reduced dramatically the fabrica-
tion time of each layer, for every part tested. These reductions
produce a significant decay on the fabrication time of a part.
For example, the minimum time reduction obtained speeds up
the fabrication more than 2 times, compared with the same
part produced using a single print head. Based on the Table I
and the Graphic 11 different results can be observed for the
fabrication time achieved with each strategy. The fabrication
scenarios generated with heuristics show more efficiency than
the ones generated with Monte Carlo simulations. As expected,
this observation is related with the number of coupled degrees



Part 1 Part 2 Part 3 Part 4

Single Print Head
Fabrication Time [%] 100 100 100 100

Monte Carlo

- Static Build areas -
Fab. Time Normalized 2.8 2.4 2.4 3.9

Nr. of print heads 4 4 6 8
- Dynamic Build areas -
Fab. Time Normalized 2.7 2.3 2.5 3.9

Nr. of print heads 4 4 6 9

Heuristics

- Static Build areas -
Fab. Time Normalized 2.95 2.8 2.7 4.3

Nr. of print heads 4 4 6 9
- Dynamic Build areas -
Fab. Time Normalized 3.4 2.7 3.3 5.2

Nr. of print heads 6 6 6 8
TABLE I

COMPARISON BETWEEN THE FABRICATION TIMES OBTAINED FOR STATIC
AND DYNAMIC BUILD AREAS, WITH AND WITHOUT HEURISTICS

Fig. 11. Fabrication time obtained with each strategy

of freedom of each strategy for the generation of the scenar-
ios. An equal time period for the fabrication scenarios was
used, however while the static build areas have 3 variables,
the dynamic have 12 variables. Therefore, the probability
of finding a good dynamic fabrication scenario is smaller
than the probability of a good static fabrication scenario.
From other perspective, for a better dynamic scenario, the
number of combinations generated has to be significantly
increased, which in turn will increase the time spent on the
estimation steps of the algorithm. The heuristics have provided
faster fabrications for both static and dynamic build areas
configurations. With Static Build areas, centering based on the
centroid leaded to a efficient partitioning, for example, when
4 build areas (in a 2x2 grid) are used, the part is divided in
half in both X em Y directions. With Dynamic Build Areas,

this method of iterativelly positioning the center-lines along
each rail at a time, with a convergent algorithm, have found a
position that provided an balanced part partitioning.

The Table I show that the time required for the fabrication
of part, in particular for the largest part, when using Dynamic
Build Areas applying Heuristics, the fabrication can be 5.2
times faster than the respective fabrication time if a single
print head was used.

The Figure 11 shows the faction of fabrication time achieved
when multiple print heads are used. The graphic shows a
considerable decrease on the fabrication time when compared
with the single print head case, as expected. Furthermore,
above this graphic are also projected the fraction of time
achieve by dividing the fabrication time by the number of print
head assigned, in other words the value T/N , where T is the
fabrication time with a single print head and N is the number
o print heads assigned. Comparing the theoretical and the
simulated results it is clear that none of the strategies achieved
the theoretical results. This is due to the non-deposition paths
and essentially, due to the interaction of the multiple print
heads, that forces some print heads to idle the deposition while
others are depositing material along the paths nearby. Despite
of the partitioning obtained with the fabrication scenarios, the
interaction between the print heads is unpredictable. Moreover,
an increasing the number of print heads also increases the
number of situations in which the print heads are fabricating
in the vicinity of the other, therefore leading to an increase of
idle periods in order to prevent collisions.

IX. CONCLUSIONS

Based on the results obtained and its analysis, important
conclusions can be addressed:

1. The generation of the fabrication scenarios and the
estimation of the fabrication time shown to be relevant for a
part positioning, rotation and definition of the print heads build
area, that results on lower fabrication time. The Monte Carlo
simulations require the generation of thousands of fabrication
scenarios which is time expensive and can become impractical
if the time spent on the process planning is in the same order
of magnitude of the fabrication time. The experimental results
suggest that the heuristics applied to the part centering by its
center of mass and itereativelly positioning the center-lines
resulted, in a more balanced part partitioning and most of the
times improved the time spent on fabrication.

2.The tool-paths generated are valid, free of collisions and,
unlike the algorithms presented in the state of the art, this
algorithm does not require the division of the part into sub-
regions inside each print head build area. The idle times
generated to avoid collisions increased the fabrication time and
the its optimization is crucial. The BB algorithm used a valid
objective function, that do not overestimate the fabrication
time, however it converges slowly to the solution requiring
the exploration of more nodes, increasing the time spent in
optimization of a solution. However, the optimization obtained
significant reductions of the fabrication time.



3. The use of multiple print heads can decrease significantly
the fabrication time of each model part. The simulations
have shown time reductions in a range between 56% and
80%, resulting in fabrications up to 5.2 times faster than the
fabrication time achieved with the single print head. The tool-
paths and optimization, obtained in a limited period of time,
suggests that faster fabrications might be found if the time
period was extended.

4. The results have shown the fabrication time, does not de-
crease proportionally with the number of print heads involved.
It would be desired that the total fabrication time would reduce
to a fraction of the number of print heads assigned. In fact, the
more print heads in use, the more situations of near collision
happen. In consequence, the idle periods have to be added
to avoid them, increasing the fabrication time. Furthermore,
the non-deposition paths, when required, increase the fabrica-
tion time. These two situations increase unpredictability the
fabrication time. For this reason, an optimization algorithm
is crucial when searching for a faster solution, even when a
sub-optimal is found.

Summing up, the FDM systems with large build areas are
not common and no significant solutions are available in
the market. Today, the solutions available are scaling down
the model of building the model by smaller parts glued
together. This work proposes a solutions to increase the size
of models to be produced without increasing proportionally
the fabrication time. Based on the results and their analysis,
the Multiple Tool-path Generation algorithm provides a valid
and proper solution for the fabrication of a part on an additive
manufacturing with multiple independent print heads, resulting
in bigger parts or augmenting production capacity.

The algorithm developed in this work, together with the
mechanical project developed by João Boto in [29], will,
hopefully, enable the development of the innovative modular
additive manufacturing system to produce large parts or fabri-
cate many models along a large build platform with the detail
achieved by the single print head systems without increasing
proportionally the fabrication time.
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