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Fused Deposition Modeling (FDM) is an additive manufacturing process intended to build three-
dimensional objects through selective deposition of melted material layer-by-layer along a pre-
determined path. This technology is growing at an accelerated rate, being already widespread
and used in many applications nowadays. In the light of the aforementioned premises, this thesis
emerges as a technology push effort to develop an innovative FDM machine where cylindrical coordi-
nate based print motion is combined with multiple print heads. A thorough state of the art research
was carried out as a baseline to the project, specifications were defined taking into account the cur-
rent state of FDM technology and the machine was conceived and designed guided by appropriate
methodologies concerning product design, manufacturing, assembly and servicing. Furthermore, as
a proof of concept, a physical prototype was assembled and some validation tests were performed.
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I. INTRODUCTION

Additive Manufacturing (AM) is defined by the
American Society for Testing and Materials (ASTM)
as the ”process of joining materials to make objects
from 3D model data, usually layer upon layer, as op-
posed to subtractive manufacturing methodologies”
[1]. It plays an unquestionably important role in the
world today and, besides the impact already achieved,
it is growing at an accelerated growth rate.

Among the existing AM processes, this work is fo-
cused on Fused Deposition Modeling (FDM), which
belongs to the material extrusion family. In FDM, an
object is built by selectively depositing melted mate-
rial in a pre-determined path layer-by-layer [2].

Two FDM concepts are the baseline of the present
work:

1. Cylindrical coordinate based machines, opposed to
the widespread Cartesian coordinate based ma-
chines.

2. Machines with multiple print heads, instead of the
regular one-headed machines.

These topics are at the forefront of FDM research,
being explored by some researchers and 3D Printing
companies. This work aims to combine both concepts
in one innovative functional machine. Accordingly,
this document covers the development (concept, de-
sign and prototyping) of a cylindrical coordinate based
FDM machine with multiple print heads.

The present document is structured as follows. Sec-
tion II presents the methodologies followed during the
project. Section III covers the methodology-guided
process of conceiving and designing the machine. Sec-
tion IV encompasses the assembly and testing of the
physical prototype.

II. METHODOLOGIES

A. Product development

In their book Product Design and Development [3],
Ulrich and Eppinger propose a methodology for de-
veloping a new product from planning to production.
It is a remarkably comprehensive, structured and de-
tailed approach. For that reason, a product develop-
ment methodology inspired in it was defined to guide
this project. Since the referred book is geared to-
wards companies (that is to say teams with multiple
members from multiple areas), an adaptation had to
be made for it to fit present work specificities with-
out losing its essence. The resulting methodology is
schematized by Figure 1.
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FIG. 1. Product development methodology adopted for
the project. Adapted from [3].

The first step is to define specifications, being that
the whole project will be oriented by them. This is
done in section III A. The main problem, too complex
to be dealt with at once, is then decomposed into a
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range of sub-problems. These can be numerous but
they are simpler and easier to handle. An iterative
sequence of steps is then applied to each of the sub-
problems in order to solve them. First, concepts are
generated by combining research on existing solutions
(e.g. benchmarking, reviewing literature, analyzing
patents and consulting experts) with original ideas.
After that, concept selection comes into play. This
decision making process requires evaluating and com-
paring the different proposed solutions concerning the
requirements and specifications to be fulfilled. The
winning concept is then refined and detailed until it
becomes fully functional and ready to be integrated
into the machine. Physical tests can be carried at this
stage — for that purpose, in the present work, ad-
vantage was taken of FDM suitability for rapid proto-
typing. Finally, through concept integration, refined
sub-problem solutions are combined to solve the main
problem.

The whole concept development sequence described
above is iterative, meaning that, at any moment, one
may have to go one or more steps back to make adjust-
ments, corrections, improvements or sometimes even
re-starting the process. The sub-problems and the
respective concepts obtained for solving them are de-
tailed in section III B. The final assembly resulting
from the product development methodology is pre-
sented in section III C.

B. Design for assembly

Design for assembly (DFA) methodology provides
systematic procedures for evaluating and improving
product design for ease of assembly. The analysis of
a product design for ease of assembly depends, to a
large extent, on whether the product is to be assem-
bled manually, with special-purpose automation, with
general-purpose automation (robots), or a combina-
tion of these [4]. As the machine being designed is to
be manually assembled, design for manual assembly
was considered and applied.

General DFA principles include minimizing num-
ber of parts, standardizing parts, designing for ease of
handling and designing for ease of insertion [5]. In or-
der to minimize the number of components, separate
parts must be combined into a single one unless one
of the following criteria is met [4]:

1. During the normal operating mode of the product,
the part moves relative to all other parts already
assembled.

2. The part must be of a different material, or be iso-
lated from all other parts assembled.

3. The part must be separated from all other assem-
bled parts; otherwise, the assembly of parts meet-
ing one of the preceding criteria would be pre-
vented.

In pursuance of part standardization, the following
measures were implemented:

• When choosing off-the-shelf components, whenever
possible, preference was given to those more com-
monly available in the market as they are readily
available and cheaper.

• Metric threaded bolts and screws with hex socket
head were defined as the standard for bolts and
screws used throughout the machine.

The process of manual assembly can be divided nat-
urally into two separate areas already referred in the
general DFA principles listed above: handling (acquir-
ing, orienting, and moving the parts), and insertion
and fastening (mating a part to another part or group
of parts) [4]. Design guidelines for part handling are
presented below [4]:

• Design parts that have an end-to-end symmetry and
rotational symmetry about the axis of insertion. If
this cannot be achieved, try to design parts having
the maximum possible symmetry.

• Design parts that, when they can’t be made sym-
metric, are obviously asymmetric.

• Provide features that prevent jamming of parts that
tend to nest or stack when stored in bulk.

• Avoid features that allow tangling of parts when
stored in bulk.

• Avoid parts that stick together or are slippery, del-
icate, flexible, very small or very large, or that are
hazardous to the handler.

Low density of FDM printed parts make them ad-
vantageous in terms of handling, as they are typically
low weighted.

Concerning insertion and fastening, design guide-
lines are as follows [4]:

• Design so that there is little or no resistance to in-
sertion and provide chamfers to guide the insertion
of two mating parts.

• Standardize by using common parts, processes, and
methods across all models.

• Use pyramid assembly — provide for progressive as-
sembly about one axis of reference.

• Avoid, where possible, the necessity for holding
parts down to maintain their orientation during ma-
nipulation of the sub-assembly or during the place-
ment of another part.

• Design so that a part is located before it is released.

• When common mechanical fasteners are used, the
following sequence indicates the relative cost of dif-
ferent fastening processes, listed in the order of in-
creasing manual assembly cost: snap fitting, plastic
bending, riveting, screw fastening.

• Avoid the need to re-position the partially com-
pleted assembly in the fixture.
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Concerning fastener fitting, 45o conical chamfers
with a depth equal to a tenth of the hole diameter
were added to every fastener hole. The bolt and screw
standardization effort already referred is also aimed to
minimize the range of needed tools: by defining hex
socket as the standard for bolt and screw head only
hex keys are required when handling these fasteners.

C. Design for service

Design for Service (DFS) methodology aims to im-
prove the efficiency of disassembly and reassembly op-
erations carried out in service work [6]. Although this
is mainly focused on reducing maintenance time and
costs of finished products, it is of great interest for a
prototype machine such as that of the present work
to have easy access to its key components, as they are
prone to be inspected, modified and replaced.

The main goals of this methodology are [6]:

1. Simplifying the assembly structure.

2. Using securing methods which are efficient to dis-
assemble.

3. Allowing for convenient access for items which are
to be served.

Disassembly efficiency of securing methods may be
increased, for example, by reducing the number of fas-
teners or by using simpler joining methods (e. g. snap
fits). As to facilitate access for service items (that is,
components prone to be serviced), the main principle
is to avoid part removals during servicing disassembly
that aren’t strictly necessary. The criteria for a part
removal to be necessary are [6]:

1. The part/sub-assembly removed is or contains the
service item(s) or is the service operation itself.

2. The part/sub-assembly removed is a cover part
which must fully enclose the service item or pro-
tect the end-user from the service item.

3. The part/sub-assembly must be removed to isolate
the service item or the sub-assembly containing the
service item.

Only these components are justified for removal or
unfastening in the service task. Servicing efficiency
is thus increased by eliminating unnecessary obstruc-
tions to the service item.

D. Design for additive manufacturing

When designing a part for AM, there are several as-
pects that must be taken into account in order to take
advantage of all the benefits offered by the process and
maximize manufacturability and functionality. These
guidelines and constraints result from the specificities
that differentiate AM from the other manufacturing

processes and are encompassed by Design for Addi-
tive Manufacturing (DFAM) methodology.

Since a relevant number of the designed parts are
intended to be manufactured by FDM (in fact, it hap-
pens to be the case for almost all of the ”designed-
from-scratch” parts), the inclusion of such methodol-
ogy in the present work was evident and imperative.

Most AM processes (FDM included) can reach any
point in a part’s cross section and process material
there. As such, part complexity is virtually unlim-
ited. This enables the usage of complex geometry in
achieving design goals without incurring time or cost
penalties when compared with simple geometries. Fre-
quently, it is also possible to consolidate parts, inte-
grating features into more complex parts and avoiding
assembly issues [7].

Manufacturing considerations concerning FDM had
to be taken into account throughout conception and
design of each part. These can be translated into the
following design guidelines:

• A maximum size of 300 x 300 x 300 mm was
imposed corresponding to the largest available ma-
chine build envelope.

• Small features below 0.4 mm (the nozzle outlet
diameter of the FDM machines used) were avoided,
as they couldn’t be printed.

• Special effort was made in order to avoid the use
of support structures because of their impact
in the print time, used material and part quality.
This was attained by carefully choosing part orien-
tation, limiting overhangs to a maximum value of
60o and bridging to 5 mm. When the use of sup-
ports couldn’t be avoided, precautions were taken
in order to minimize their impact.

• Part orientation for printing was chosen in such
a way that tensile loads would be carried along the
deposition direction [8], as shown in Figure 2a. In
the case of compressive loads, the opposite happens,
as it is advisable to orient the part so that the load
is supported along the layers [9] (see Figure 2b). As
for bending loads, they should be carried normal to
the layers as shown in Figure 2a [10].

a) Tensile load b) Compressive
load

c) Bending load

FIG. 2. Proper load bearing for FDM parts. Adapted
from [10].
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E. FDM part design methodology

Based on the work developed by Ponche et al. [11],
a part design methodology for FDM parts was de-
fined to be used throughout the project. It consists
in a series of sequential iterative steps and encom-
passes both design specifications and guidelines given
by DFA, DFS, and FDM manufacturing considera-
tions, as schematized in Figure 3.

It may be the case that the part is too large for the
FDM machine build volume. If so, it must be divided
into smaller elements and the methodology should be
carried separately for each of them.

Analysis Main
Surfaces

Body
Generation

Part
Orientation

Testing

Guidelines
(DFA, DFS, Manufacturing Considerations)

Specifications
(Geometric, Mechanical, Other)

Final Part

FIG. 3. Part design methodology.

To begin the process, a preliminary analysis to the
part function and context shall be taken and specifi-
cations defined. These can be geometrical specifica-
tions (imposed surfaces, clearances, dimensions and
distances), mechanical specifications (concerning ex-
ternal loads) or others such as weight restrictions or
finishing process related requirements.

From the initial analysis, main surfaces constraining
the design are determined according to the geometri-
cal specifications. After that, those surfaces are joined
and part body is generated through carefully planned
volume addition. This is a crucial part of the process
and it greatly depends on designer ability. In fact, at
no other moment does the designer have more freedom
of action than at this stage due to shape freedom al-
lowed by FDM. The main goal is to minimize material
usage, distributing it efficiently throughout the part,
while ensuring that all part specifications are met. In
order for the part to be ready for testing, build ori-
entation has to be decided. Finally, considering the
characteristics of FDM, the part can be printed and
tested with no significant time or cost expenses and,
if needed, it can be altered.

A final remark has to be made. Due to its complex-
ity and to the high number of variables involved, the
design process is rarely performed continuously from
the first to the last step (that is, with each step being
executed only once). On the contrary, it is often nec-
essary to go back in the process to rectify or improve
some design aspects or even redesign the whole part
according to feedback from further steps.

F. Group technology

Group technology (GT) is an approach to organiz-
ing and rationalizing various aspects of design and
manufacturing [12]. Shunk [13] defines it as ”a disci-
plined approach to identify things such as parts, pro-
cesses, equipment, tools, people, or customer needs by
their attributes looking for similarities between and
among the things; grouping the things into families
according to similarities; and, finally, increasing the
efficiency and effectiveness of managing the things by
taking advantage of the similarities”.

This method is mainly applied to shop floor plan-
ning but can advantageously be adapted to the scope
of this work by the means of organizing the compo-
nents of the machine in a few distinct groups. By do-
ing this, the intricate process of conceiving and draw-
ing all the parts that compose the apparatus (that are
being constantly accessed, reviewed and modified) be-
comes much easier, simplified and structured.

Accordingly, five groups of parts were created:

Printed parts [P] This is a transversal group since
these components are used in almost every section of
the machine. It is an evident one though, because
these parts are distinct from all other, since all of them
are to be designed and built from scratch in a very
specific way, being subject to the guidance of DFAM.

Static parts [S] Non-printed parts that remain
static throughout the print process. Most of them
must be machined in some way.

Motion parts [M] Non-printed parts involved in the
machine’s print motion. These are mainly off-the-shelf
standardized components.

Extrusion and deposition [X] Parts related to the
extrusion process itself, encompassing the hot end, the
feeder and the build plate.

Electronics [E] Electronic components, mainly re-
lated to machine control.

Fasteners [F] Bolts, screws, nuts, washers and spac-
ers used in the process of mechanically joining com-
ponents.

Simple codes resulting from these groups were gen-
erated and attributed to each part. They consist in
a letter representing the group followed by a sequen-
tial number. As an example, the part [S03] Top Ring
belongs to the static parts group being the third ele-
ment.

Although an effort was made to minimize it, there
is some unavoidable interchangeability. For example:
besides their key role in print motion, Nema 17 step-
per motors (classified as motion parts) are also used
in the extrusion process by powering the feeder and,
moreover, they could fit on the electronics group too.
Nonetheless, these groups successfully served their
purpose and proved themselves to be key organiza-
tional tools during the design and concept stage.
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III. CONCEPT AND DESIGN

A. Specifications

For defining specifications, Ulrich and Eppinger [3]
suggest a user-need oriented approach focused on cus-
tomers. As a technology-pushed academic work, there
are no real ”customers”. Instead, three criteria were
followed in order to define specifications: comply with
the objectives stated for this work, be in accordance
with existing FDM technology and ensure project fea-
sibility regarding available time and resources.

In order to assess the characteristics of existing
FDM machines, a benchmark analysis was carried out
on several 3D printers. From this analysis and taking
into account the objectives and the feasibility of this
work, the following specifications were defined:

TABLE I. Machine specifications.

Technology FDM

Print motion Cylindrical coordinates

Num of print heads 3

Num of extruders 3

Build surface area �300 mm

Build height 150 mm

Min layer height 0.1 mm

Horizontal resolution 15 μm

Vertical resolution 10 μm

Radial travel speed up to 200 mm/s

Radial travel acceleration up to 5000 mm/s2

Angular travel speed up to 2.67 rad/s

Angular travel acceleration up to 66.67 rad/s2

Hot end temperature up to 270 ◦C

Build plate temperature up to 110 ◦C

Enclosure No

B. Problem decomposition

As a step of the product development methodol-
ogy, the machine was divided in several less complex
sub-problems. These are: extrusion and deposi-
tion (encompassing the hot end, the feeder and the
build plate), print motion (encompassing verti-
cal, angular and radial motion mechanisms),
frame and control (for this one only some insights
are provided since it is out of the scope of the present
work).

1. Extrusion and deposition

Hot end — three E3D V6 hot ends were used (see
Figure 4a). They are compact, lightweight and able
to reach a temperature of 285 ◦C, meeting the specifi-
cations and being more than suitable for the machine

being developed. Besides the 12 V resistor responsible
for the heating, it also comes with a thermistor used
for monitoring the temperature. The filament size is
of 1.75 mm.

a) Hot end
E3D V6

Mounting Bracket

Nema 17

Pinch Roller

Guide Tube

b) MK8 Feeder
assembly

c) Spool Holder

FIG. 4. Extrusion-related components.

Feeder — because of its availability at LAB2ProD,
an MK8 pinch roller system powered by a Nema 17
stepper motor was chosen. A metal bracket holds the
pinch roller mechanism and the motor to the machine
and a PTFE tube guides the filament to the hot end.
The resulting assembly is shown in Figure 4b. Fur-
thermore, a FDM part (represented in Figure 4c) was
designed to hold the spool of filament below the feeder.

Build plate — following the specifications, the build
plate must provide a �300 mm build surface and it
must be heated up to 110 ◦C. Accordingly, a five-
layer build plate shown in Figure 5 was conceived to
fit the purpose. The build surface consists on a 300
mm diameter glass disc with a thickness of 5 mm. It
is clamped to a 2 mm thickness aluminum disc (cho-
sen due to its high thermal conductivity) that covers a
300 W silicone rubber coated flexible heater pad with
a built-in thermistor. A layer of 4 mm thickness in-
sulating cork sheet lies underneath the heater pad to
minimize heat losses from beneath. Finally, a FDM
part bottoms the build plate and fixes it to the ma-
chine. This part has a lattice structure to provide
adequate support for the insulating cork while min-
imizing material usage. Properly reinforced fastener
holes with embedded nut fittings make for the fixing.

Glass Plate

Build Plate Heater

Cork Sheet

Aluminum Plate

Build Plate Holder

Build Plate Clamp

FIG. 5. Exploded view of the build plate.
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2. Print motion

It is the relative motion between the print head
and the build plate that gives the desired shape to
the part being built. This three-dimensional motion
results from the combination of three independent
movements: radial, angular and vertical (along the
cylindrical coordinates r, θ and z). Therefore, the
first decision that had to be made was on which com-
ponent (the build plate or the head) would perform
each movement.

The radial movement leaves no room for doubt as
it has to be performed independently by each head.
As for vertical and angular motion, on the behalf of
project viability, it was decided to assign both of them
to the build plate.

Vertical motion mechanism — The vertical mo-
tion mechanism is responsible for the build plate mo-
tion along the z axis of the cylindrical coordinate ref-
erential. The main specification that had to be taken
into account while projecting this mechanism was a
vertical resolution of 10 μm. Three lead screws with 10
mm diameter and 2 mm pitch powered by a Nema 17
stepper motor capable of 3200 microsteps per revolu-
tion (200 full steps per revolution multiplied by 16 mi-
crosteps per full step) were chosen to perform the mo-
tion, ensuring the fulfillment of the vertical resolution
specification. A belt and pulley system mechanically
synchronizes the lead screws. Connected to the lead
screws through lead nuts by a leveling mechanism,
there is an aluminum platform (the Middle Ring) on
which the axial bearing carrying the rotating build
plate rests. Completing the mechanism, an endstop
held by a FDM part allows the machine to assess the
referential for the build plate height.

Z Bearing

Lead Screw

Middle Ring

Lead Nut

Middle Joint

Z Pulley

Z Belt

Z Endstop Holder

Z Endstop

FIG. 6. Vertical motion mechanism overview.

Leveling Knob

Leveling Screw

Leveling Spring

Guide Screw

Z Idler

Z Tensioner Holder

Shaft Coupling

Z Stepper Holder

Nema 17

FIG. 7. Vertical motion mechanism details.

Angular motion mechanism — The angular mo-
tion mechanism ensures rotational movement of the
build plate. According to the specifications, a 15 μm
motion resolution has to be granted as well as an an-
gular travel speed and acceleration of up to 2.67 rad/s
and 66.67 rad/s2, respectively. The build surface is a
300 mm diameter circle. A geared Nema 23 step-
per motor and a transmission system composed by
two meshed gears with a 1:7.32 ratio were chosen to
power the mechanism. The geared motor is capable
of 13600 microsteps per revolution (200 full steps per
revolution multiplied by 16 microsteps per full step
and the 1:4.25 ratio granted by the in-built gearbox).
These components allow for the mechanism to comply
with the horizontal motion resolution, angular travel
speed and angular travel acceleration specifications.
As the build plate must be heated, electric power has
to be transmitted from a stationary power source to
a rotating component. This is achieved by a slip ring.
Its bottom is mounted in a support (the Slip Ring
Holder) that goes around the driven gear to be fixed
in the Middle Ring. The top of the slip ring can spin
freely, being attached to the Build Plate Holder.

Axial Bearing

Driven Gear

T Stepper Holder

Nema 23 Geared

Slip Ring Holder

Slip Ring

FIG. 8. Angular motion mechanism overview.



7

Mounting Hub

Driving Gear

Idler Bearing

Idler Gear

FIG. 9. Angular motion mechanism details.

Radial motion mechanism — According to the
specifications, this mechanism has to ensure radial
movement of 3 print heads through a 150 mm distance
with 15 μm resolution and assure a travel print speed
and acceleration of up to 200 mm/s and 5000 mm/s2

respectively. A guide rail and carriage system is re-
sponsible for constraining radial motion. Endstops
at the rail ends set the baseline position for each of
the print heads. The motion is powered by a Nema
17 motor and transmitted through a belt and pulley
system. The pulleys have 20 teeth, the tooth pitch
being 2 mm, and the motor is capable of 3200 mi-
crosteps per revolution (200 full steps per revolution
multiplied by 16 microsteps per full step). These com-
ponents were chosen so that the resolution and travel
print speed and acceleration specifications could be
met. Six unique customized FDM parts had to be de-
signed and printed for this mechanism: one to hold
the motor (the R Stepper Holder), one to hold the
idler pulleys at the center of the mechanism (the R
Pulley Holder), another one to hold the endstops (R
Endstop Holder) and the others (Hot End Holder, R
Belt Lock and R Belt Tensioner) are combined to-
gether to functionally connect the hot ends to the rest
of the mechanism. The referred belt tensioning mech-
anism was an original design especially developed for
enhanced compactness concerning the reduced avail-
able space. The belt is locked by a toothed clamp in
both the R Belt Lock and the R Belt Tensioner. An
embedded nut in the R Belt Tensioner is pulled by a
screw, granting the desired belt tension.

R Stepper Holder

Nema 17

FIG. 10. Radial motion mechanism overview.

R Pulley Holder

R Pulley

R Belt

Guide Rail

Guide Carriage

R Belt Lock

R Belt Tensioner

Hot End Holder

R Endstop Holder

R Endstop

FIG. 11. Radial motion mechanism details.

3. Frame

The frame must provide a solid and stable structure
to hold the components and mechanisms composing
the machine. It’s an open frame, as the specifications
state. Two aluminum rings — the Top Ring and the
Bottom Ring — serve as the base to hold the verti-
cal and radial mechanisms. The radial mechanism is
fixed on the Top Ring through the Guide Rails and
the R Pulley Holder. The vertical motion mechanism
is held by both rings through the Z Bearings while
its motor is fixed to the Bottom Ring through the Z
Stepper Holder. The weight of the angular motion
mechanism is also transferred to these rings by the
lead screws. The whole design of the rings was made
complying with the mechanisms they hold. According
to the implemented DFA methodology, all the holes
were properly chamfered. The same goes for the Mid-
dle Ring from the vertical motion mechanism. They
are all made of AL5754 aluminum alloy cut by water
jet. Their 10 mm thickness allows for hole tapping
(used in the fixture of some of the components they
hold) and provides rigidity to the structure. Their
weight stabilizes the printer against vibrations.

Three legs support the whole weight of the machine.
They hold the rings in place with the help of the Bot-
tom Joints and Top Joints and provide support for
several components that are fixed to them: the R
Stepper (through the R Stepper Holder), the Feeder
(by a mounting bracket), the Z Endstop (through the
Z Endstop Holder) and the Spool Holder. Aluminum
strut profiles from Bosch Rexroth with longitudinal
fixing slots were chosen for the legs providing their
robustness and the fastening adaptability offered by
the fixing slots, since the Bolts and T-Nuts used for
fixing may be placed anywhere along the strut. This
was especially useful considering the quantity of fixed
parts already listed. In order to increase stability (to
face the vibrations the machine is subject to), the legs
are leaned by 7.5o. This is accounted by the joints that
connect them to the rings and the shoes where they
lay upon, all FDM manufactured.
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Top Ring

Leg

Bottom Ring

Top Joint

Bottom Joint

Shoe

FIG. 12. Frame overview.

4. Control

The control of the printer and all the inherent elec-
tronics and software are out of the scope of this thesis.
However, some guidelines can be provided beforehand
concerning its implementation in future works.

The following machine components have some type
of electronic interaction: 8 stepper motors, 4 resistors
(3 from the hot ends and 1 from the build plate heater
pad), 4 thermistors (3 from the hot ends and 1 from
the build plate heater pad) and 4 endstops. In order
to power and control the aforementioned components,
a power source, a control board, drivers and a screen
interface have to be included in the machine.

Regarding control software, it has to handle three
different modes of operation: the 3 heads working one
at a time on the same part; the 3 heads working at the
same time on independent parts of identical geometry;
and the 3 heads working at the same time on the same
part. The software also has to account for the collision
area when printing near the center to avoid any print
head interference.

C. Final Assembly

The CAD render of Figure 13 shows the final ap-
paratus with all the mechanisms and components as-
sembled (three spools of filament resting in the spool
holders were also added to the render for visualization
purposes). Altogether the machine has 126 parts (54
unique) and 406 fasteners (40 unique). 48 out of the
126 parts are FDM manufactured (22 unique).

The volume occupied by the machine accounts to
91 dm3 which, given its 10.6 dm3 build volume, leads
to 11.6% of useful volume. It is a rather small per-
centage, revealing that the aim on functionality and

feasibility eventually compromised compactness. This
leaves room for improvement in future versions.

FIG. 13. Final assembly overview.

IV. PROTOTYPE

FIG. 14. Prototype overview.

Assembling the prototype was fundamental to have
a real and clear understanding on project soundness
after integrating all the concepts together, as well as
perceiving some flaws that otherwise could go unno-
ticed. Concerning DFA, all fixings and joints could
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be properly accessed and free handling space was rea-
sonably provided in general. As predicted, the size
and weight of FDM parts facilitated their handling.
Despite the good overall results, a few issues were in-
evitably found during the process, some of which were
promptly solved while others require a deeper inter-
vention to be done in future works.

A. Validation

Five validation tests were performed on the proto-
type. A basic motion test was carried by powering
each of the machine’s motors in turn, moving the re-
spective motion mechanisms to ensure that all of them
were working properly. Then, two heating tests were
performed: one on the hot end and another on the
build surface which successfully reached the 270 ◦C
and 110 ◦C temperatures stipulated by the specifica-
tions, as shown by Figures 15a and 15b.

a) Hot end b) Build surface

FIG. 15. Temperature tests.

An extrusion and deposition test was also per-
formed: a spool of PLA was placed in the Spool
Holder and the filament was inserted on the feeder
that pushed it through the guide tube into the hot
end — heated to 200 ◦C — while the print head was
moving at constant speed and the build plate was ro-
tating at constant angular velocity, producing a spiral
path on the horizontal plane. The material came out
of the nozzle and adhered to the build surface without
any problems, as it can be seen in Figure 16.

FIG. 16. Extrusion and deposition test.

Finally, a test to assess speed and acceleration of the
print heads was performed. The following setup was
prepared: a Nema 17 motor powering one of the print
heads was connected through appropriate drivers to
a laptop from which it could be commanded; a video
camera was placed in such a way that the whole radial
path of the print head could be caught by it; a ruler
was placed between the camera and the print head
and finally a FDM part designed for the purpose was

attached to the print head serving as a marker to read
position values from the ruler. This setup can be seen
in Figure 17.

FIG. 17. Speed and acceleration test.

The motor was commanded to move the print head
150 mm at maximum speed and acceleration while the
camera was recording at 120 frames per second. 66
frames (0.54 seconds) could be counted from the mo-
ment the print head movement began until it ceased
completely. The plot in shown in Figure 18 was ob-
tained after reading the distance values from the ruler:
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FIG. 18. Print head motion plot.

Through a linear regression, the slope of the linear
region can be determined: it evaluates to 297, which
corresponds to the print head speed, in mm/s. It com-
plies with the specified value of 200 mm/s.

Both the acceleration and deceleration regions ex-
tend to 0.03 seconds. Taking this as the time needed
for the print head to accelerate from 0 mm/s to the
297 mm/s speed of region 2 (or decelerate from 297
mm/s to 0 mm/s), we obtain a mean acceleration of
9900 mm/s2, which is greater than the 5000 mm/s2

set in the specifications.

V. CONCLUSIONS

As a result of this thesis, a cylindrical coordinate
based FDM machine with multiple print heads was
successfully developed meeting the imposed specifica-
tions, supported by a background research in FDM
and guided by several relevant methodologies. A phys-
ical prototype was assembled to prove the feasibility
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of the developed concept. Together with appropriate
control software, the prototype is intended to serve
as an empirical tool to enhance research on this kind
of machines. The goal of making way for further im-
provement and development was thus achieved.

This work also serves as an application example
of product development, Design for Assembly, De-
sign for Service, Design for Additive Manufacturing,
FDM part design and Group Technology methodolo-
gies used, which, by being successfully implemented,
have proven their usefulness.

The print motion configuration of the machine al-
lows for three different modes of operation::

The 3 print heads working one at a time on the
same part, enabling to fabricate one part with three
different materials.

The 3 heads working at the same time on inde-
pendent parts of identical geometry, increasing
production rate by 300%.

The 3 heads working at the same time on the
same part, enabling to fabricate one part with three
different materials while increasing production rate by
300%. Not every part is eligible for this mode though,
as there are some restrictions resulting from sharing
z and θ coordinates. A cylindrical reservoir is an ex-
ample of a suitable part for this mode of operation.

The cylindrical coordinate configuration brings an
advantage over most Cartesian multiple head systems:

the possibility for each of the print heads to reach ev-
ery point of the build surface. It has its drawbacks
to: print speed and resolution are not constant, the
former becoming slower when printing near the cen-
ter and the latter decreasing as the print head moves
apart from the center.

The combination of manufacturing versatility and
increased production rate makes this machine an
interesting option for industrial applications where
small batches of the same part are demanded and pro-
duction rate matters, as well as the ability to print
with different materials.

Rather than being a finished project, this thesis is
more of a starting point. As such, it should be the
baseline for future work, namely:

• The improvement of some aspects of the machine,
namely its compactness.

• The reduction of the number of unique types of fas-
teners by standardizing their length as much as pos-
sible. This could be achieved by making small ad-
justments to the FDM manufactured parts.

• The project and design of an even more versatile
version of the machine by making θ and/or z coor-
dinates of print motion independent.

• The development of compliant software suited to the
print motion characteristics.

• After software development, tests should be made
concerning print resolution, accuracy and overall
performance.
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