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Abstract Three-dimensional (3D) printer technology
known as additive manufacturing pioneer make a break-
through innovation in the manufacturing systems. One of
the most important methods widely preferred at the addi-
tive manufacturing is a fused filament fabrication (FFF).
Final products are manufactured via any thermoplastic
material extruded by layer to layer at the FFF type printers
used in many areas included at prototype manufacturing,
academic studies, and for hobby purposes. In this study,
fault tree analysis (FTA) was applied to examine the
printing errors of FFF type 3D printers. Forty-nine basic
events and four undeveloped events obtained from the FTA
were shown in this study.

Keywords Fault tree analysis -
Fused filament fabrication - 3D printers - Risk analysis

Introduction

3D printers which are one of the most important engi-
neering products of recent technology have been
developing and expanding every day. The invention pur-
pose of these 3D printers, which are widely used in many
areas, is to create prototypes. Therefore, this technology
was named rapid prototyping.

At that time, this technology is made for final product
manufacturing possible. Especially, the 3D printers are
used to manufacture highly equipped and expensive devi-
ces and can print parts with a high precision. Thus, it
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allows the printing of detailed and challenging parts
quickly. Thanks to all developments of this technology, the
final products can be made possible and additive manu-
facturing term has been preferred instead of the rapid
prototyping term.

The method of the fused filament fabrication (FFF) is
being spread fast pace in 3D printer technology. This is
because the FFF technique is relatively cheaper and easier,
and it has software which is the open source [1]. FFF
printers can be used for both hobby purposes and industrial
applications in many areas [1, 2]. There are lots of appli-
cations of FFF in different areas such as automotive [3, 4],
aeronautical [5-7], and bioengineering [8—10]. The most
common printer types among the 3D printers used to hobby
purposes are FFF printers. Since there are many open
source FFF printers are used, the users can build their own
parts. In addition to these benefits, the FFF technique has
some disadvantages. It can be classified as disadvantages of
them as printing errors could occur due to design and
hardware. Besides, many different undesirable events can
be occurred due to the built by the users’ own effort. These
case effects on the product are printed by FFF printers.
Printing errors also occur in other additive manufacturing
methods.

There is a little study in the literature related to failures
in additive manufacturing techniques. Peeters et al. [11]
applied fault tree analysis (FTA) and failure modes and
effects analysis (FMEA) methods to investigate failures in
the powder bed fusion of additive manufacturing methods.
Yusoff et al. [12] applied an FFF technique to print an
automotive part. They carried out the improvements by
applying FMEA for the design of the final product in order
to continue the printing. Adamczak et al. [13] obtained the
tensile test sample using PolyJet technology. They
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analyzed the uncertainty in measurements by applying
FMEA in their studies.

Risk analysis is a significant action to ensure those
serious entities run in a reliable way such as medical
devices. Fault tree analysis (FTA) is one of the most
important techniques which are used commonly in many
industries [14]. FTA was developed by H. A. Watson of
Bell Telephone Laboratories in 1961 in line with US Air
Force contract in order to examine the Minuteman Missile
launch control system. Several papers were presented,
which described the merits of fault tree analysis, at the
1965 Safety Symposium. The presentation of these papers
initiated a widespread use of fault tree analysis as a safety
system and a reliability tool for complex dynamic systems
such as nuclear reactors [15]. Basically, FTA is a logic
diagram that symbolizes the relations between the event
and the causes of the event [11]. It is a method used to
investigate failure behavior. The basic notion in FTA is the
translation of a physical system into a logic diagram, in
which certain specified causes induce one specified
important event of interest. In general, the logic gates used
in FTA are used OR gate, AND gate, and inhibit or con-
ditional gate. The events that used commonly in FTA can
be classified as the top or intermediate events, basic events,
undeveloped (diamond) events, and conditional events.
There are many studies in the literature about application
of the FTA. Volkanovsji et al. [16] applied FTA for the
assessment of power system reliability. Lindhe et al. [17]
applied FTA for risk analysis of drinking water systems.
Steiner et al. [18] worked on fuel cell issues by applying
FTA. Doytchev and Szwillus [19] suggested an analysis
concept that combines FTA and task analysis for a better
understanding of human behavior in incident occurrence.
Ruilin and Lowndes [20] studied to predict coal and gas
outbursts by using a coupled artificial neural network and
fault tree analysis model. Elevli et al. [21] applied FTA in
order to examine the turbidity problem of drinking water
treatment plants.

Three-dimensional (3D) printing, which is known more
formally as additive manufacturing, has become the focus
of media, academia, and public attention in recent years.
Especially, additive manufacturing has been used instead
of old technology for direct production of end-use devices
(A) [22].

In this study, faults were examined in detail at the FFF
technique. Though the FFF is a cheap method, it can be
said that many failures can occur in the FFF method. For
this purpose, a fault tree analysis was determined in order
to analyze the failures in the FFF method. Failure infor-
mation was based on literature, interviews with users,
forum sites, and personal experiences with the specially
designed FFF printers.
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Materials and Methods
Fault Tree Analysis

In the reliability of science and operating safety, FTA is
most commonly used tool to purify the contributions of
different parameters in an unwanted event [23]. FTA is a
graphical representation of the relationship between top
events, and it is all potential causes. There is a pro-
gressive top-down approach in the basic logic of the
analysis. All the causes that can lead to the top event are
determined by starting from the top event. One FTA
sample can be shown in Fig. 1. In the fault tree example
(Fig. 1), event 1 or event 2 may cause the top event. If
basic events 1 and 2 occur at the same time, then event
1 will have emerged. Symbols related to the FTA are
given in Table 1.

FFF Method

One of the most commonly used additive manufacturing
technique is fused deposition modeling (FFF) [24]. The
filament is inserted into a machine via a pinch roller
mechanism in the FFF technique. This material is melted in
a liquefier by heating. The solid portion of the filament acts
as a piston in order to push the melt through a print nozzle.
The nozzle is moved horizontally on the x—y plane as the
material is deposited on a build table, which can be moved
on the vertical z-direction. Melted material solidifies after
leaving the nozzle. Thus, complex 3D objects can be pro-
duced [25]. In the FFF method, the wire-shaped plastic
material (filament) is heated above its melting point. After
that, the melting material is sent to the nozzle by the
pressure of the filament, which is driven from above by the
mechanical systems and ejected out. The deposited molten

TOP EVENT
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EVENT 1 EVENT 2
Basic Basic Basic Basic
Event 1 Event 2 Event 3 Event 4

Fig. 1 Example of fault tree
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Table 1 The symbol of FTA projection [18]
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Fig. 2 The basic of FFF method [26]

Platform

material is moved in the XY axis to form a layer. Then, the
nozzle is lifted or lowered up according to the thickness of
the layer. For the second layer, the nozzle is moved again
in the XY axis. By repeating these processes, other layers
have occurred after the finishing process of the part could
be completed. Figure 2 shows the FFF technique [26].

FFF Failures

The printing process generally consists of the creation,
slicing, and printing of the solid model for the FFF tech-
nique. Computer aided design (CAD) programs are used
for creating a solid model. The model drawn in any CAD
software must be saved in STL format. The STL format is a
universal file format using to 3D printers. The slicing
process is held in slicer software and generation of G-
codes. The file of the model, created with G-codes, is
transferred to the 3D printer and started to print process. A
sample of the flowchart of the printing process in the FFF
technique is shown in Fig. 3. The basic reason for the
errors that emerged in the printing is especially slicing
phase. In the slicing phase, printing failures occur mainly
as a result of incorrect settings set by the user. Therefore, it
is necessary to pay attention to the settings during the
slicing phase. During printing, the model may be printed

[ Drawing the model in CAD program J

,

Saving the file in stl. format

v

Transferring .stl format model to
slicer program

.

Slicing the model and creating G-
codes

.

Transfer of the sliced model file to the
3D printer

v

| Printing of the model

v

Is the print faultless

[ Printing is complete ]

Fig. 3 Printing process
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Fig. 4 Specially designed FFF printer

incorrectly due to mechanical problems, temperature, and
incorrect calibration.

Determination of the faults was used literature, inter-
views with users, forum sites, and personal experiences
with the custom-made FFF printer (Fig. 4). Fifteen main
events which cause printing failures were detected as
extrusion interruptions during printing, deformities on the
side surfaces, dimensional errors, oozing, not printing the
very small sections, scratches on the top surface, layer
issues, overheating, warping, support problems, curled
edges, holes and gap issues, initiating problems, elephant
foot, and visible infill.

Extrusion Interruption

Clogged extruder, broken or insufficient filament, ground
filament, or overheated driver may cause failure to inter-
rupt extrusion during printing (Fig. 5). The clogged
extruder is a very common problem. All extruders will be
clogged in time because plenty of plastic passing through a
tiny hole. Sometimes, the filament is broken due to various
reasons. This case mostly occurs in Bowden feed extruder.
In some cases, users are not aware of ignoring whether the
amount of filament is enough for printing or not. Therefore,
the extrusion is interrupted. Besides, extrusion may be
interrupted because of the ground filament failure. Printing
too fast or at too high retraction speed causes filament
grinding. Another reason for extrusion interruption is
overheated extruder motor driver. Because of the many
back and forth motion, the driver’s temperature may
increase too much.

@ Springer

Fig. 5 Extrusion interruption [27]
Deformities on the Side Surfaces

While printing, deformities like blobs and lines, wavy
patterns may occur on the side surface of the printing
(Fig. 6). Blob failures are related to retraction settings. It is
required to keep it away from redundant retractions. The
other reason is incorrect retraction distance. It is necessary
to find the appropriate retraction setting by observing. The
errors of the lines on the side surface are due to mechanical
issues, temperature variation, or inconsistent extrusion.
Mechanical issues are problems including things such as
vibration and backlash. Many other factors can cause
vibration. It may also be a failure in the mechanical design
of the printer. Temperature variation is related to propor-
tional integral derivative (PID) control settings. PID
settings must be checked. There are many different cases in
the inconsistent extrusion. Clogged extruder, very low
layer height, wrong extrusion width, poor quality filament,
or mechanical problems in extruder causes inconsistent
extrusion. Additionally, stuck filament may also cause
inconsistent extrusion. Wavy pattern failure is due to
mechanical problems, too fast printing speed, or high
firmware acceleration.

Dimensional Errors

Dimensional error may occur because of reasons such as a
faulty first layer, under extrusion, over extrusion, or
shrinkage (Fig. 7). The first layer may have the wrong
thickness due to the wrong vertical nozzle position. If the
under extrusion is occurring, part’s dimension may be
lower than it should be. In contrast, if the over extrusion is
occurring, the dimension may be higher. Shrinkage issue
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Fig. 7 Dimensional errors [30]

causes print dimension to lower. The shrinkage coefficient
needs to be calculated.

Oozing

A hairy image may appear on some prints (Fig. 8). This
situation mostly related to wrong retraction distance, low
retraction speed, too high temperature, or long movements
without extruding. Retraction distance settings are relevant
to how much plastic is retracted from the nozzle. Short
retraction distance settings cause oozing. Due to the low
retraction speed, plastic can’t retract enough, so the plastic
will leak from the nozzle. If the temperature is too high,
plastic will be more fluid. This situation causes the leak of
the plastic. Long movements without extruding cause
oozing since there is no obstacle in front of the nozzle hole
for a long time.

wavy pattern [27])

L2\ HOT SURFACE

Fig. 8 Oozing [31]
Not Printing the Very Small Sections

If the nozzle diameter is too large and the single extru-
sion, very small sections may not be printed (Fig. 9). This
problem may occur when the wall thickness is thinner than
the nozzle diameter. This issue can overcome by using
single extrusion walls.

Scratches on the Top Surface

If the over extrusion used while printing and the vertical lift
settings, scratches can be observed on top of the printing
(Fig. 10). Layers may become thicker due to over extru-
sion. Therefore, the print height may be higher than it
should be. In such cases, the nozzle may scratch the top
layer. This problem can be solved when the vertical lift
settings are enabled. The other solution to this problem is a
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Fig. 10 Scratches on the top surface [27]

decrease in the plastics flow rate by setting the extrusion
multiplier settings.

Overheating

A fused image can be observed on the printing because of
too high temperature (Fig. 11). The reason for this is high
temperature, insufficient cooling, too fast printing, or
multi-printing. Overheating problems may occur in case
the print temperature is higher than the melting range.
Therefore, the print temperature must be lowered. Plastics
may harden in time because of the insufficient cooling.

@ Springer

Fig. 11 Overheating [27]

Fig. 12 Warping [27]

This case causes a melted image. If the print speed is too
fast, plastic may not have enough time to harden. Over-
heating problems may occur due to this. Extruded or
melted plastic may not have enough time to harden like in
too fast printing when trying to print multiple parts at once.
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Fig. 13 Curled edges [27]

Fig. 14 Elephant foot [32]

Warping

Warping issue (Fig. 12) is a common problem while
printing. Warping problem occurs when printing large or
long parts with high melting point materials such as ABS.
It may cause warping in case the print is cooled quickly. In
order to overcome this problem, a heated bed can be used,
fan cooling can be disabled, and brims and rafts settings
can be enabled.

Curled Edges

All the problems described in the overheating section cause
curled edges (Fig. 13). Also, this problem may occur in
case print does not stick to the bed at the beginning of the
printing.

Elephant Foot

Elephant foot (Fig. 14) failure may be occurred due to
insufficient cooling, unleveled platform or nozzle, and too
close to the bed. Appropriate table temperature and fan
speed must be determined. Besides, the base of the printing
may be chamfered.

Layer Issues

Layer issues can occur such as missing, separated, and
misaligned (Fig. 15). Broken issues are mostly related to
high temperature, mechanical or electrical issues, and too
fast printing, and it occurs under extrusion. Another cause
of this problem is related to Z-axis mechanical issues.
Thick layer and low temperature cause the separation of the
layers. Layer thickness must be smaller than the nozzle
diameter. If the layer thickness is set too high, the extruded
plastics layer may not be as thick as the layer. So, layers
cannot be bonded together. The other reason for separated
layers is low temperature. This is because cold plastics
cannot bond well. Misaligned layers are caused by too fast

Fig. 15 Layer issues (a: missing layers [32], b: separated layers [27], and c: misaligned layers [27])
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printing, mechanical, or electrical issues. If the print speed
is faster than the motors’ max speed, the nozzle cannot
reach its position correctly. Misaligned layer failure may
occur because of the electrical issues such as an overheated
motor driver. Mechanical issues such as backlash, too loose
belt, and other reasons can also cause misaligned layer.

Visible Infill
Thin shell thickness and a high percentage of overlap can

be caused by visible infill (Fig. 16). The shell thickness
should not be thinner than nozzle diameter. The overlap

Fig. 16 Visible infill [32]

must be set also correctly. Overlap is related to the bond
between the perimeter and the infill. Overlap can be
adjusted in terms of the percentage [26].

Support Problems

Three reasons for the support problems are poor surface
above the supports, poor bridging, and falling supports
(Fig. 17). These issues are mostly related to incorrect slicer
settings. Thick layer or support’s low infill percentage
causes poor surface supports. In order to overcome this
problem while layer thickness must be thinned, support’s
infill percentage must be increased. Also, vertical separa-
tion layers and second extruder for the support can be used.
Faulty angle for bridging infill, disabled bridge, or support
settings can cause poor bridging. Support’s low infill per-
centage and cheap or old filament can cause the support to
fall.

Holes and Gap Issues

Holes and gap issues are one of the frequently encountered
problems (Fig. 18). These holes and gaps are located at the
top layers, pillowing, gaps at the edges of the perimeters,
holes, gaps in base corners, and gaps in the thin walls.
Holes and gaps occurred in the top layers due to under
extrusion, low infill percentage, weak infill, or insufficient
top solid layers. Pillowing occurs because of insufficient
cooling or insufficient top solid layers. Insufficient outline
overlap or too fast printing can cause gaps at the edges of
the perimeters.

Fig. 18 Holes and gaps issues (a: gaps in the top layers [27], b: pillowing [32], c: gaps in the edges of the perimeters [27], d: holes and gaps in

floor corners [27], and e: gaps in thin walls [27])
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Fig. 19 Initiating problems (a: print not sticking to the bed [27], b: not extruding at start of print [27], and ¢: exceedance of axis distance [32])
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Fig. 21 Reduced fault tree diagram

Low infill percentage, insufficient perimeters, or top
solid layers can cause holes and gaps in base corners. Gaps
occur in thin walls in case extrusion width is incorrect and
wall thickness is thicker than the nozzle diameter.

Initiating Problems

Initiating problems are shown other frequently problems
(Fig. 19). These include not sticking of print to the bed, not
extruding at the start of the printing, and exceedance of
axis distance. If print speed is too fast, the platform will not
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Table 2 Basic events

Table 2 continued

Number Basic events Number Basic events
1 Overheated driver 48 Thin shell thickness
2 Broken filament 49 High percentage of overlap
3 Out of filament
4 Printing too fast
5 Aggressive retraction settings
6 Redundant retraction Table 3 Intermediate and undeveloped events
7 Wrong retraction distance Intermediate/undeveloped events
8 Temperature variation
9 Filament is getting stuck or tangled A Extrusion interruption
10 Very low layer height Al Grinding filament
11 Incorrect extrusion width Ul Clogged extruder
12 Poor quality filament B Deformities on the side surfaces
13 Firmware acceleration Bl Blobs
14 Shrinkage B2 Lines on the side of print
15 Under extrusion B3 Inconsistent extrusion
16 Faulty first layer B4 Wavy pattern
17 Over extrusion U2 Mechanical issues
18 Low retraction speed U3 Extruder issues
19 Long movement without extruding C Dimensional errors
20 High temperature D Oozing
21 Nozzle diameter thicker than wall E Layer issues

thickness El Layer shifting or misalignment
22 Disabled vertical lift setting E2 Missing layers
23 Thick layer E3 Layer separation and splitting
24 Low temperature U4 Electrical issues
25 Multi-printing F Overheating
26 Insufficient cooling G Not printing the very small sections
27 Warping H Support problems
28 The bridge setting is off H1 Poor bridging
29 Do not use supports H2 Poor surface above supports
30 Wrong angle for bridging infill 1 Curled edges
31 Low support of infill percentage I Print not sticking to the bed
32 Falling support J Holes and gaps issues
33 Nozzle far away from bed 1 Holes and gaps in the top layers
34 Platform is not level 2 Gaps in the edges of the perimeters
35 Not enough top solid layers 13 Holes and gaps in floor corners
36 Thin extrusion width J4 Gaps in thin walls
37 Low infill percentage J5 Weak infill
38 Pillowing K Initiating problems
39 Not enough outline overlap K1 Not extruding at the start of print
40 Not enough perimeters K2 Exceedance of axis distance
41 Wall thickness thicker than a little L Elephant foot

bit more than the nozzle diameter M Visible infill
42 Nozzle too close to the bed N Scratches on the top surface
43 Extruder was not primed
44 Wrong firmware settings
45 Wrong end stop connection level or nozzle may be located far away from the bed, or
46 End stop is broken down print may not stick to the bed when used to ABS. It is
47 Disabled single extrusion wall easily possible to notice them at the start when occurring of
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this problem. Therefore, the print must be monitored for a
while at the beginning. If extruding does not occur at the
beginning then extruder might not be primed, nozzle might
be too close to the bed, extruder might be clogged, or
filament might be ground. If the print head moves to an
unwanted location, then there is a problem in the limit
switch. The limit switch might be broken, or switch con-
nection may be incorrect.

Results
Fault Tree Analysis for FFF Failures

The fault tree diagram was created by considering all the
mentioned failures (Fig. 20). Edraw Max 9.1 demo soft-
ware was used in this process. The undeveloped events
(U1, U2, U3, U4) in the fault tree diagram point out an
event that does not be necessary for any analysis at the
current stage. On the contrary, basic events (1, 2, 3, — 48,
49) in fault tree diagram point out a root cause that does not
be necessary for any development. The only qualitative
analysis is determined because the probabilities of the
events are unknown. When the fault tree diagram is
examined, it can be understood that there are 49 different
basic events and 4 different undeveloped events.

Minimal cut set of the fault tree diagram was deter-
mined. The solution of the fault tree diagram was
calculated according to Boolean mathematics. After these
processes, fault tree diagram is determined (Fig. 21). There
are 47 basic events and 4 undeveloped events in the
decreased fault tree diagram. Symbols of fault tree analysis
can be seen in Tables 2 and 3, respectively.

Discussion

There are four intermediate events with an “AND gates”.
These events are very small sections that are not printed,
visible infill, scratches on top surface, and gaps in thin
walls. The other intermediate events are an “OR gates”.
The most encountered basic event in fault tree diagram is
printing too fast at 9 different sections. The second most
encountered basic events in the fault tree diagram are under
extrusion, insufficient cooling, and faulty level of the
platform. These basic events are located in three different
sections at the fault tree diagram. Aggressive retraction
settings, incorrect retraction distance, high temperature,
thick layer, multi-printing, the nozzle located far away
from the bed, thin extrusion width, low infill percentage,
and nozzle located too close to the bed are located in two
different sections at the fault tree diagram. The other basic
events are included in the fault tree diagram only once. The

most serious undeveloped event is also clogged extruder
that located in five different sections at the fault tree dia-
gram. The other serious undeveloped event is mechanical
issues located in four different sections. Extruder and
electrical issues are included only once in the diagram.

There are one “OR gate” and two “AND gates” in the
new fault tree diagram. If both nozzle diameters thicker
than wall thickness and single extrusion wall setting are
disabled, then very small sections may not be printed that
can be seen in figure. The occurrence of the faulty visible
infill is related to the occurrence of thin shell thickness and
a high percentage of overlap basic events at the same time.
In addition to these, there are 43 basic events and 4
undeveloped events below the “OR gate”. One of these
basic events that occurred and undeveloped are caused
faulty printing.

Conclusion

It can be said that according to this work, a comprehensive
study was carried out to the relationship between basic
events, intermediate events, and undeveloped events. The
probability of the events which is unknown that effected to
FFF process was analyzed. As a result of this study, 49
basic events and four undeveloped events were determined
and shown in the fault tree diagram (Fig. 20). If so, a
minimal cut set of the fault tree diagram can be calculated
(Fig. 21).

Most of the events that cause faulty printing are related
to incorrect slicing settings. Because of this, users need to
make careful slicing of the model. Apart from the slicing
settings, technical issues can also cause severe problems.
To avoid this problem, users of printer can take a course.
Too fast printing located at nine different places is the main
event that leads to most of the printing failures. The
clogged extruder is most serious than the other undevel-
oped event. The likelihood of this failure increases when a
particle containing filament is used. The problems of
mechanical issues which are called incorrect calibration;
axial connections are considered.

All undeveloped events (extruder issues, mechanical
issues, clogged extruder, and electrical issues) in the fault
tree diagram are very detailed problems, and they need to
be investigated at different studies.
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