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Abstract

Despite of additive manufacturing technologies being rapidly developed with wide applications in the fields of aerospace, engineering, medical
application and marine, support structures are still unavoidable for many printed products with overhangs, resulting in extended build time and
expensive post-processing, material waste, and sometimes failure to fabricate the part of the required quality. The threshold overhang angle that
can be self-supported is generally set at 45° for FDM printers. However, different process parameters such as extrusion temperature and print
speed can also have a great impact on printable threshold overhang angle (PTOA). In this paper, the influence of extrusion temperature on
PTOA is studied theoretically and experimentally for the achievement of the lowest possible PTOA. First, theoretical analysis of overhang with
regard to extrusion temperature is carried out. Then experiments of overhangs with 20°, 30°, 40° and 50° in extrusion temperatures of 175 °C,
190 °C, 205 °C and 220 °C are conducted on an FDM printer. According to the results, PTOA can be quite different under various extrusion
temperatures and the theoretical analysis can be used for predicting the lowest PTOA. The findings can also provide some references for future
research in high-precision printing by adjusting relevant print parameters.
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1. Introduction

Additive manufacturing (AM) technology, also known as
3D printing, rapid prototyping or direct digital manufacturing,
was first developed in 1987 by 3D Systems [1]. It has been
rapidly developed with wide applications in the fields of
aerospace, engineering, medical application and marine.
Though AM has been reckoned as a sustainable and
environmental-friendly technology due to its layer-by-layer
nature and consequent lack of material wastage, attentions are
still being paid to further reduce the energy consumption and
impact on environment in AM processes [2,3]. The
manufacturing process starts from the bottom of a part and
continues successively layer by layer to the top, resulting in
problems for overhangs that cannot be printed as there is no
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supporting layer beneath them [4]. Support structures have to
be manually discarded after printing, thus wasting the material
used for support and increasing the cost of post-processing; it
is, however, inevitable that support structures have to be
printed for extrusion-based processes where extreme
overhangs exist.

A lot of research has been carried out to reduce the use of
support materials for saving cost and time needed for printing
or post-processing [5—9]. Altering the print orientation of parts
for reducing the support volume has been investigated by
many researchers [10-12]. Another strategy to save cost and
improve finished surface quality is to build supports with
different materials which are soluble or sacrificial. This means
using the part material to build the final object while using
another sacrificial material (either cheaper than the part
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material or easier to remove) to print the support when
manufacturing a part. In AM processes, the most widely used
soluble support materials are polymer feedstocks which are
soluble in relatively benign solvents such as water (poly(vinyl
alcohol)) and limonene (high impact poly(styrene)). Another
common combination is a part printed with acrylonitrile
butadiene styrene (ABS) while a sacrificial support structure
printed with polylactic acid (PLA) [13]. Hopkins et al. [14]
developed a support material containing acrylic copolymers
with a polymeric impact modifier. The new support material
can effectively resist breaking or cracking, and can be
removed easily and quickly. In an alkaline aqueous solution,
the material can be dissolved rapidly. Ni, Wang and Zhao [15]
also carried out some research on Poly(vinyl alcohol) (PVA)
which can act as water-soluble supports in AM processes.

Adopting cellular/lattice or other better structures as
support is another method for further reducing the support
consumption. As the advantage of their low volume fraction,
cellular structures provide opportunities to reduce the volume
of support materials and allow for easy removal of support
structure as well as manufacturing time. Vaidya and Anand
[16] employed Dijkstra’s shortest path algorithm [17] to
generate cellular support structures. Strano et al. [18] proposed
a new approach which applies a new optimisation algorithm to
use pure mathematical 3D implicit functions for the design
and generation of the cellular support structures including
graded supports. Lu et al. [19] applied the Voronoi diagram to
compute irregular honeycomb-like volume tessellations which
define the inner structure. They took honeycomb-cell structure
as inner support structures based on a hollowing optimization
algorithm. Tree-like support structure methods were
researched by two publications [20,21].

Apart from all the methods proposed above, another
potential way to reduce the support consumption and cost is
by setting the printable threshold overhang angle (PTOA) as
small as possible to reduce the support area. PTOA means an
overhang with a lowest angle that can be fabricated without
adding support during the deposition process. In this paper,
the overhang angle (B) is defined as the angle between the x-y
plane (i.e. the build platform) and the overhang surface
tangent in the x-z (or y-z) plane (Fig.1). The lower the PTOA,
the less the support area. Generally, PTOA is set at 45° in
most printers [22]. Some also take a test first to determine the
angle size as it may be different according to printers and
materials [23]. However, little attention has been paid to seek
the lowest PTOA by adjusting relevant parameters. Mertens et
al. [24] may be the first who carried out some research in this
aspect. They optimized the degree of overhang angle under
different parameters in Selective Laser Melting by testing 60°,
45° and 30° under various laser power. Wang, et al. [25]
investigated the surface quality of the curved overhanging
structure manufactured from 316-L stainless steel by SLM
under different laser scanning energy input. However, both of
these two studies did not focus on extrusion-based AM
techniques.

Fig. 1. Definition of overhang angle (B) in this paper.

In this paper, theoretical analysis and experimental study
are carried out to study extrusion temperature’s effect on
PTOA in extrusion-based 3D printing processes. This is a
potential way to lower PTOA as much as possible by
improving print settings, thus achieving time- and cost-
savings.

2. Theoretical analysis

In an extrusion-based 3D printing process, the phase of
thermoplastic material is in ‘liquid’ when in or just extruded
from the nozzle. The final shape of this ‘liquid’ filament will
be influenced by viscosity and elastic stresses, surface tension
and inertia before solidification [26,27]. It is hypothesized
that the surface roughness in different overhang angle sizes
are seen as a reflection of such free-surface flows. The printed
fluid material has the phenomenon of “self-thinning”, in
which no external driving force is imposed (or in which the
internal dynamics that develop spontaneously in the fluid are
much faster than any external forcing). In such flows the fluid
jet, thread, film or sheet thins down and breaks up naturally
under the action of capillary forces [28]. In an extrusion-based
3D printing process, the melted material is similar to the
above situation. Therefore, the viscous time scale (t,) of a
printed material and the solidification timescale (tg) will
influence the self-thinning and break-up phenomenon of the
printed ‘liquid’ material, which is seen as the main reason of
collapsed/deformed/distorted surface of overhang in different
angle sizes. The equation of a viscous time scale is as follows
(28],

t,~ 2 ()
where t,, is viscous time scale, 7 is viscosity, [ is length scale
of the flow and d§is surface tension of a fluid. At the same
time, the solidification timescale t,can be estimated as:
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where k is thermal conductivity, p is density of material, C is
heat capacity of material, D is nozzle diameter, a is thermal
diffusivity, B is overhang angle size, T;is print temperature, T
is the solidification temperature and T}, is bed temperature.
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3. Experimental study
3.1. Equipment

A Kossel Delta 3D printer was used in this study from
Shenzhen Anycubic technology co., LTD. The build area
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shape is circular with diameter of 180 mm and maximum
height of 300mm. The nozzle diameter used was 0.4 mm.
PHYSICA UDS 200 and DSC Q1000 were used for
measuring material properties (solidification temperature,
thermal conductivity and heat capacity).

3.2. Material

The material used for printing in this study is PLA. PLA is
considered as the most common biopolymer among 3D
printing materials known due to its mechanical properties
such as good stiffness and strength, its low toxicity,
recyclability, compostable with the environment and the fact
that CO, emissions can be significantly reduced when it is
produced from renewable resources. The diameter of this
filament is 1.75 mm, with extrusion temperature between 175-
220 °C.

3.3. Experimental settings

Before printing, the 3D part needs created and sliced into
layers in G-code format. Slicer software Cura 15.04 was used
for slicing digital models in this study. The settings of this
printer are shown in Table 1. The original models are
designed by Solidworks and displayed in Fig.2 with angle
sizes of 20°, 30°, 40°, 50° and the same height of 35 mm. The
diameter of the pillars is 10mm. Based on these settings, the
following 4 groups of experiments (Table 2) were set and
carried out accordingly with a sample size of 5.

Table 1. Print parameter settings.

Layer height (mm) 0.2

Shell thickness (mm) 0.8
Bottom/top thickness (mm) 1

Fill density (%) 0

Support type No support

Table 2. Experimental settings of each group.

Overhang Extrusion Cooling fan Print speed
angle size temperature  speed (RPM)  (mm/s)
© 0)
Group 1 20
Group 2 30
175, 190, 250 30
Group3 40 205, 220
Group 4 50

Fig. 2. Original models with angle sizes of 20°, 30°, 40° and 50° (left to right,
respectively).

4. Results and analysis

In order to better compare these results, image-based
analysis was carried out as the program of Fig. 3 shows.
Specifically, each photo of the printed overhang was analysed

by NI vision assistant and Engauge Digitizer 4.1, respectively.
After obtaining the downfacing surface contour of each
printed overhang, surface roughness value was calculated by
MATLAB for comparing the surface quality of overhangs
printed in different parameters. The surface roughness value
applied in this paper is the surface roughness average (Ra).
The value is defined as the arithmetic average deviation from
the measurement centreline to the surface profile [29]. The
rule of determining the centreline is that the total area
between the centreline and above contour is the same as the
total area between the centreline and below contour. All
surface roughness of the printed 80 parts are calculated and
the mean values of Ra in every condition are displayed in
Table 3. The standard deviations among five Ra values in
each condition are shown in the brackets next to the mean Ra.
As can be seen, the standard deviations are very small, which
means the experiments are reliable and repeatable.

Photos from camera ‘]

¥
Photos analyzed by NI vision assistem\l

J
~

*
Photos analyzed by Engauge Digitizey]

/

v
Obtain the contour of overhang and analyze in Matlab

S

Centerline

Fig. 3. Analysis program of overhangs.

Table 3. Mean Ra (Unit: mm) of overhangs in different conditions.

Extrusion 220°C  205°C 190°C 175°C
temperature
Angle size
50° 0.307 0.163 0.125 0.057
(0.020) (0.018) (0.015) (0.012)
40° 0.362 0.269 0.149 0.109
(0.021) (0.017) (0.014) (0.010)
30° 0.475 0.406 0.331 0.152
(0.025)  (0.023) (0.019) (0.012)
20° 1.220 0.933 0.673 0.510
(0.045)  (0.039) (0.031) (0.029)

However, the nature of 3D printing process will induce
stair-step effect which is also a reason of resulting in surface
roughness as shown in Fig. 4(a). The surface roughness of the
theoretical overhang models in different angle sizes are
calculated as shown in Fig. 4(b). The theoretical minimum
surface roughness can be calculated as follows,

1

= h

Ra = 4‘4‘% - = ihicosﬁ 4)
cosfB

The results of theoretical Ra in different overhang angle

sizes are listed in Table 4. As can be seen from this table, all
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theoretical surface roughnesses are lower than the measured
ones of Table 3, with minor changes within different angle
sizes.

Table 4. Theoretical Ra of overhangs in different angle sizes based on 3D
models.

Overhang angle size 20° 30° 40° 50°

Theoretical Ra (mm) 0.047 0.043 0.038 0.032

(a) (b)

Fig. 4. (a) stair-step effect in 3D printing; (b) Simplified model for calculating
theoretical surface roughness.

As can be seen from Table 3 and Fig. 5, overhangs with
larger angle size get better surface quality (less surface
roughness). The surface roughness of 220 °C, 20° overhang
arrives at 1.220 mm while it is only 0.307 mm for 220 °C, 50°
overhang. The larger the overhang angle size is, the less the
surface roughness could be. When the surface roughness is
acceptable (depending on the requirement of the product) in
some angle size, higher overhang angle sizes will not need
support while lower sizes will have to use support for getting
satisfactory surface quality. This is also the reason why a
slicing software needs to have a threshold overhang angle for

generating support area.
141
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Fig. 5. Mean Ra for different overhang angle sizes at different extrusion
temperatures.

According to the experiment results, extrusion temperature
is an important factor of surface quality of a printed overhang,
thus influencing PTOA. Taking angle 30° under 175 °C and
220 °C as an example in Fig. 6, the finished part of 175 °C is
better than that of 220 °C in terms of the surface resolution.
As can be seen from Fig. 5, overhang with higher extrusion
temperature has worse surface quality (higher surface
roughness). This means PTOA can be changed by altering
extrusion temperature when other conditions are the same and
the same surface quality can be achieved. According to the

experiment results, the lower temperature would be better for
achieving lower PTOA. However, the allowed lowest
extrusion temperature should be determined first as clogging
or difficulty of extruding the filament may occur if extrusion
temperature is too low, as well as slipping between the
filament and pinch rollers. In addition, as shown in the
literature [30], the printed strength/solidity/quality will be
influenced by print parameters, including extrusion
temperature. There should be a trade-off between surface
quality and strength, etc. in the future. However, in this paper,
only surface roughness is considered for achieving the lowest
PTOA.

- e
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Fig. 6. Printed parts with 175 °C, 30° (bottom) and 220 °C, 30° (top).
5. Discussion

As stated in the theoretical section, t;/t, is used as a
reflection of finished surface roughness and PTOA. Based on
the model used in our experiments, the following data is used
for calculation: #; = 0.2 mmandD = 0.4 mm. The data of
solidification temperature, thermal conductivity and heat
capacity are measured asTy = 166°C ,k = 0.1745]/(kg - k)
and C = 1450/ /(kg - k) . The viscosity is chose as n =
100Pa - s from literature [31]. The density of PLA is from the
provider asp = 1184kg/m3 and the surface tension (g =
0.04N/m ) of PLA is adopted from literature [32,33].
Substitute relevant data into Eqs.1 and 2, the results of all
ts/t, in varying overhang angle sizes and extrusion
temperatures can be calculated accordingly (see Table 5).

Table 5. tg/t, results in varying overhang angle sizes and extrusion
temperatures.

Extrusion 220 205 190 175
temperature °C °C °C °C
Angle size
50° 0.44 032 020 0.07
40° 0.89 0.64 040 0.15
30° 1.88 135 083 031
20° 472 341 210 0.79

A graph was created based on Tables 3 and 5, the
relationship between t;/t, and surface roughness can be
found in this graph (see Fig. 7). As can be seen, surface
roughness of overhang increases as t,/t,, increases.
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Fig. 7. Relationship between t¢/t, and surface roughness.

Based on these findings, Eqgs.1 and 2 can be used for
predicting the PTOA when the properties of material are
provided. Different products have different requirements of
surface finish. This depends on the tolerance of a product, the
PTOA can be higher if higher surface resolution is required or
lower if higher surface roughness is acceptable. Limitations
on acceptable surface roughness can be placed by aesthetic
needs, as well as surface functionality needs, fit and assembly
requirements or subsequent surface coating processes [34].
For instance, imaging surface roughness of 0.25 mm is
acceptable in some case. Then, for achieving the lowest
PTOA, t,/t, can be set at 0.58 according to the relationship
between surface roughness and t,/t,, (see Fig. 7). The lowest
printable extrusion temperature (175 °C in this study) is better
for achieving the lowest PTOA. Thus, the lowest PTOA can
be set at 27° according to Eq.3.

Therefore, theoretically speaking, PTOA can be achieved
at 27° when setting extrusion temperature at 175 °C for
achieving surface roughness less than 0.25 mm in this Delta
printer and this PLA material. However, the surface
roughness of 175 °C, 27° overhang is 0.261 mm according to
the experiment result, which is a little different from the
calculation result. This is reasonable as the calculation did not
consider the environmental and other impacts. Also, the
surface roughness calculated is an average value, a little
higher or lower value is normal. In this case, we can set the
angle size a little bit larger than the calculated size which can
make sure a better surface quality and qualified products (e.g.
setting the PTOA at 30°). Fig. 8 shows the satisfactory printed
“UOA” part with every overhang angle of 30°. The mean
surface roughness of “U” part is 0.154 mm, “O” 0.169 mm
and “A” 0.175 mm. These results are also in well line with the
data in the experiments (see Table 3). In the future, once the
material used and its properties are known, the lowest PTOA
can be calculated and predicted according to this method, thus
reducing the usage of support, print time and cost.

o .
\ _ Vo

Fig. 8. Printed “UOA” part with every overhang angle of 30° (£a=30°) in

extrusion temperature of 175 ° C.

6. Conclusions

The aim of this paper is for achieving a lowest PTOA, thus
reducing the use of support structure, material waste and cost.
This paper theoretically and experimentally analyses an
overhang structure, mainly investigates the extrusion
temperature’s effect on overhang surface quality and PTOA.
Image-based analysis of the printed overhangs are carried out
through NI vision assistant and Engauge Digitizer 4.1. t,/t,, is
used as a reflection for predicting the lowest PTOA. The
findings of this research and the corresponding lowest PTOA
can be integrated into slicing software for generating less
support structure and saving more material, time and cost.
Based on the findings of this paper, the following conclusions
can be made:

eAccording to the results of printed overhangs in
different angle sizes (see Fig. 5 and Table 3), the lower the
overhang angle is, the higher the possibility of larger surface
roughness could be. When the surface roughness is within
tolerance (depending on the requirement of the product) in
some angles, higher overhang angles do not need support
while lower overhang angles do. This is also the reason why a
slicing software needs to have a threshold overhang angle for
generating support area.

e According to the theoretical analysis and experiment
results, Egs.1 and 2 can be used for predicting the lowest
PTOA when the properties of filament material are provided.
However, this depends on the tolerance of a product, the
PTOA can be higher if higher surface finish is required or
lower if higher surface roughness is acceptable.

eAccording to the results of printed overhangs in
different extrusion temperatures (see Fig. 5 and Table 3), the
lower the extrusion temperature is, the less the deformation
will be, thus lowering PTOA. However, the printed
strength/solidity/quality will be influenced by extrusion
temperature [30]. Once the required extrusion temperature is
known, Egs.1 and 3 can be used for predicting the lowest
PTOA, thus saving more time, support material and cost in
the future, in particular producing a large number of the same
products.

eFor the Kossel Delta printer used in this paper, PTOA
can be achieved at 30° for surface roughness less than 0.25
mm with 175 °C of extrusion temperature.

oThe findings from this study can also provide some
references for future research in high-precision printing.
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