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Abstract

Purpose — This paper aims to report on the findings of an investigation to compare three different three-dimensional printing (3DP) or additive
manufacturing technologies [i.e. fused deposition modeling (FDM), stereolithography (SLA) and material jetting (MJ)] and four different equipment
(FDM, SLA, MJP 2600 and Object 260) in terms of their dimensional process capability (dimensional accuracy and surface roughness). It provides a
comprehensive and comparative understanding about the level of attainable dimensional accuracy, repeatability and surface roughness of
commonly used 3DP technologies. It is expected that these findings will help other researchers and industrialists in choosing the right technology
and equipment for a given 3DP application.

Design/methodology/approach — A benchmark model of 5 x 5 cm with several common and challenging features, such as around protrusion and
hole, flat surface, micro-scale ribs and micro-scale long channels was designed and printed repeatedly using four different equipment of three
different 3DP technologies. The dimensional accuracy of the printed models was measured using non-contact digital measurement methods. The
surface roughness was evaluated using a digital profilometer. Finally, the surface quality and edge sharpness were evaluated under a reflected light
ZEISS microscope with a 50 x magnification objective.

Findings — The results show that FDM technology with the used equipment results in a rough surface and loose dimensional accuracy. The SLA printer
produced a smoother surface, but resulted in the distortion of thin features (<1 mm). MJ printers, on the other hand, produced comparable surface
roughness and dimensional accuracy. However, ProJet MJP 3600 produced sharper edges when compared to the Objet 260 that produced round edges.
Originality/value — This paper, for the first time, provides a comprehensive comparison of three different commonly used 3DP technologies in terms
of their dimensional capability and surface roughness without farther post-processing. Thus, it offers a reliable guideline for design consideration
and printer selection based on the target application.

Keywords Measurement, 3DP, Dimensional capability, Polymer materials

Paper type Research paper

1. Introduction composite printing technologies allows printing parts with

o . . thermo-physical properties that are similar to the ones
3D prlntlr}g (3DP), .also kno.wn as addmve. mz.lnufacturmg obtained through the conventional manufacturing process
(AM), rapid prototyping or solid freeform fabrication, was first (e.g. SM) (Agarwal er al, 2018). Consequently, 3DP
introduced in the early 1980s by Charles Chuck Hall (Hull, applications have transitioned from a simple prototyping

1986). In this work, AM and 3DP are interchangeably used. alternative to a complete end-product manufacturing
As its initial introduction, this technology has been rapidly solution (Campbell ez al., 2011) offering a competitive
developed, improved, diversified and widely applied in various advantage of on-demand manufacturing and/or make-to-
fields as an alternative manufacturing approach. 3DP order and/or on-site Manufacturing. Moreover, it offers a
technologies have significantly evolved to include a broader sustainable way of manufacturing for a wide variety of
range of applications spanning from aerospace and automotive products by reducing or even eliminating extended and
to biomedical applications (Gu et al., 2015). The current 3DP expensive supply-chains (Burkhart and Aurich, 2015; Ford
technologies can be categorized based on the nature of the raw and Despeisse, 2016; Jiang ez al., 2017; Kellens ez al., 2017;
material used in the print process (Chua and Leong, 2017), Klahn et al., 2015; Unkovskiy et al., 2017) in addition to its
which can be either solid, liquid or powder. low cost and flexibility that have reinforced manufacturer’s

When compared against the conventional manufacturing
processes (e.g. subtractive manufacturing [SM]), 3DP offers
a broader range of freedom in terms of design and material
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interest toward the employment of this technology even in
their routine manufacturing process.

In this study, three different 3DP technologies with one solid-
and two liquid-based build materials/systems are compared:
+ fused deposition modeling (FDM);
« stereolithography (SLA); and
« material jetting (M]), respectively.

FDM is known to be the most affordable solution, thus far,
hence, its popularity. This technology is based on solid material
melting and extrusion (S. Scott Crump [Stratasys], 1992). SLA
technology is based on liquid photo-sensitive resin
polymerization (Hull, 1986; Jean-Claude ez al, 1986). The
resin is initially disposed of in a containing tank, then selectively
exposed to either ultraviolet (U.V.) laser or a U.V. projector.
The latter is also known as digital light processing technology.
M] technology, as suggested by its name, is based on acrylic
photopolymer jetting and polymerization (Ross ez al., 1985).
However, as opposed to SLA, MJ consists of material jetting
and polymerization. The models are built on top of a motorized
build plate that moves in the z-direction upon each layer
completion. The vertical resolution of the printed models is
tightly correlated with the build plate motion steps.

Although most of these technologies have been used in a
variety of manufacturing and prototyping applications, little is
known about the disparity that may exist between them in
terms of their dimensional capabilities such as dimensional
accuracy, repeatability and surface roughness. Consequently,
often the technology selection for a given application is mainly
based on budget availability and recommendations from
experts or providers rather than reliable guidelines for the build
specification requirements.

Several studies have oriented their interest toward the
comparison of various aspects of 3DP technologies such as power
consumption (Baumers ez al., 2010), prosthesis dimensional
accuracy (Unkovskiy ez al., 2017), surface roughness (root mean
square) (Bae et al., 2017) to site, but a few. Other studies have
evaluated the effect of various printer settings on the dimensional
accuracy, surface roughness and mechanical properties of printed
models obtained from a single technology (Farzadi ez al., 2014;
Ramli er al., 2018). Other studies compared various 3DP
technologies and materials characteristics under radiological
conditions such as computer tomography scans (CT) (Bibb ez al.,
2011). These comparative studies reflect the rising interest
toward a better understanding of AM systems discrepancies and
limitations. Allowing, thus, a better 3DP technology selection
based on given project requirements and restrictions.

It is to note that, to date, there is no such uniform standard to
evaluate the dimensional accuracy of three-dimensional printed
object. Therefore, various groups have adopted different strategies
to achieve this task. For instance, three-dimensional systems has
developed the CHRISMAS-TREE'™ object (Dickens ez al.,
1995), Pang er al. (1995) have developed the H-4 structure ) and
other groups have adopted custom, complex, objects to include
curved, angled, extruded and cut-through features (Fahad and
Hopkinson, 2012; Mahesh ez al., 2006). Most of the developed
benchmarks were designed to evaluate the performance of a single
3DP technology. In this present study, three 3DP technologies
were compared; consequently, a custom benchmark that can
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accommodate all the tested technologies limitations had to be
designed (Figure 1).

In conventional manufacturing technologies, it is known that
dimensional accuracy and surface roughness are important
properties to be continuously measured and improved for final
products, particularly for applications involving small critical
features (Elliott et al., 2017; Withell ez al., 2011). Hence, there is
even a more urgent need for dimensional capability comparison of
the available 3DP technologies to guide future users about their
limitations and process windows to further facilitate the
applicability of these technologies and equipment. To this aim, in
this current study, a comparison for the dimensional accuracy and
surface roughness features among FDM, SLA and M]J printing
technologies are investigated. In Section 2, the experimental
materials, equipment and measurement methodology are
explained. In Section 3, results and findings are presented
comparatively followed by Section 4 where findings are discussed
along with major conclusions and recommended future work.

2. Methodology, materials and conditions

In this work, three different 3DP technologies, namely, FDM,
SLA, MJP (multiJet printing) are compared (Table I). The
comparison targeted the dimensional accuracy and surface
roughness of a printed benchmark containing a variety of
common features (Figure 1).

2.1 Model design and printing

The benchmark model was designed using SolidWorks (Dassault
Systems SolidWorks Corporation) with the dimensions indicated
in Figure 1. Briefly, the base was 50 mm? with 5 mm thickness.
On the top surface of the base, straight and curved geometries
were added. The straight features, also called protrusions (P7)
here, are subdivided into three groups; large (P7lg), medium
(PTmd), and small (PTsm); of 3, 1 and 0.4mm width,
respectively. The PTlg and PTmd spacing were of 2 mm where
the PTsm spacing was 1 mm. In addition to the P7, CT straight
feature of 1 mm width and spacing were also included. The

Figure 1 The benchmark model
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Notes: The 3D model was designed and oriented to prevent any
support material generation (left panel), top view (middle panel),
side view (right panel, 6). Top ROI (1), Cut Through (CT; 2),
Roughness Region (RR; 3), Protrusions (PT; 4), small (sm)
Protrusions PTsm (5). All dimensions are in millimeter (mm).
The vertical arrow next to the benchmark shows the build
direction, which was along the z-axis. The XYZ gizmo shows
the orientation of the build plate
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Table | Tested equipment technical specification as described by each manufacturer’s documentation

Technology Equipment Material Layer resolution (.m) XY resolution Build volume (W x D x H mm)
FDM Ultimaker 3 extended PLA 200 12.5,12.5 um 215 x 215 x 300
SLA Nobel 1.0 A Resin 25 130, 130 wm 128 x 128 x 200
MJ Connex Objet260 RGD840 12 600, 600 dpi 255, 252, 200
ProJet MJP 3600 VisiJet® M3-X 32 375, 450 dpi 298, 185, 203

curved features (CF) included two concentric round protrusion
with diameters of 14 and 20 mm (Figure 1). All features were
with a 5mm thickness. To prevent the supporting material
generation, the benchmark did not include any overhanging
regions. Thus, limiting any measurement biases that could result
from the supporting material removal. The design was then
exported as a binary STL file, which was sliced using each
technology’s slicing software as described below. A total of three
parts were printed using each 3DP technology. All measurements
on all geometric features were repeated three times per feature,
thus totaling nine different measurements for the same type of
feature, which offered a reasonable amount of statistical data to
account for any variations.

2.2 Fused deposition modeling model preparation and
printing

FDM printing was performed using the Ultimaker 3 Extended
Printer (Ultimaker). Briefly, in FDM, plastic filaments are
pushed (i.e. extruded) through a print head equipped with a
heating element and a small diameter nozzle (up to 0.001 mm).
Once melted, the material is extruded through the printing
nozzle. A thin string of filament is, then, obtained and deposited
on the build plate layer-by-layer as instructed by the slicing data.
Here, the printer was equipped with a 0.4 mm printing nozzle.
The model was prepared using the manufacturer slicing software
(Cura v3.0). Except for the height of the layers that was set to
0.4 mm, all other printing parameters were kept at their default
values. The models were printed using gray PLLA. The printed
model did not require any further post-processing steps and was
used as is for the rest of the experimentation procedure.

2.3 Stereolithography printing

SLA printing was completed using the Nobel 1.0 A printer (XYZ
Printing, Inc). In this SLLA, a laser, emitting in the U.V. range, is
used to induce polymerization and cross-linking of photo-
polymeric resins. A pair of galvanometers control the lateral
motion of the laser beam. The tilt angle of each galvanometer is
controlled by the slicing information contained in the “.gcode”
file, that is the file generated by the slicing software. Upon each
layer completion, the build plate moves one layer-height and the
process restart until the object is fully constructed. The
benchmarks were sliced using the manufacturer’s slicing
Software (XYZware_Nobel v1.2.18). All slicing settings were
kept at their default values (i.e. layer height = 0.1 mm; quality=
“good”; no brim; and no adhesion supports). We used the
manufacturer blue resin as the build material.

2.4 Material jetting printing printing

The MJP prints were obtained using two printers, the Objet
260 Connex3 (Stratasys Ltd) and the ProJet MJP 3600 (3D
Systems, Inc). Briefly, MJP printers work by depositing a
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microdroplet of polymers, which are flattened by a roller to
produce a smooth layer. A U.V. light is used to induce
polymerization. Upon polymerization, the build plate moves
down one layer hight and the process starts over until full object
completion. For the Objet 260, we have used the Objet Studio
as a slicing software. Except for the print finish, which was set
to glossy, all slicing settings were kept at their default values.
We opted for VeroBlue (RGD840) as the build material. The
required build plate adhesion layers were printed using
SUP705 support material. The ProJet MJP 3600 models were
prepared using the manufacturer’s slicing software (three-
dimensional Sprint). Except for the printing resolution, which
was set to high definition, all settings were kept at their default
values. We used VisiJet® M3-X as a model material and the
VisiJet® S300 as support material.

2.5 Model post-processing

This current works aimed to compare the surface finish and
dimensional accuracy of various 3DP technologies. Therefore,
the model was designed and oriented to prevent support of
material generation. However, some printing technologies
require supporting material printing to simplify part removal
from the build plate. For instance, the ProJet MJP 3600,
inevitably, generated a small layer of support material underneath
the printed object for ease removal. The printed object was
incubated at 75°C for 30 min to melt away the support base.
Similarly, the Object 260 printed generated an adhesion bed that
was washed away using a high pressurized water jet. The model
printed on the SLLA machine was dipped in ethyl alcohol to
remove excess resin and was, then, incubated in the U.V. oven
for 30 min to ensure complete resin polymerization.

2.6 Regions of interest on the model for measurements

To the aim of our investigation, a total of six region of interest
(ROI) were defined for measurements (Figure 1). The top ROI
was used to measure the full object’s width and height and the
CF diameters [Figure 1(1)]. The side ROI was used to measure
the object and extruded geometry thickness [Figure 1 (6)]. The
edge ROI was used to measure the straight PT width and
spacing [Figure 1(4)]. The PT geometries were subdivided into
three groups as described in Table II. The corner ROI was used
to measure the CT geometries width and spacing [Figure 1(2)].

2.7 Measurements and analysis

To accurately measure the dimensions of interest, the images of
the models/parts were acquired using a dual pixel 12MP
camera with 1.4 mm pixel size and a ¥20.55” sensor. The digital
zoom was set to either 1X, 3X or 5X depending on the target
geometry. For further details inspections, Zeiss Scope Al
microscope with a 5X objective was used. The raw images were
acquired and saved using the Zen software (ZEISS,
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Table Il Summary of PT features and sizes

Geometries Width (mm) Spacing (mm)
PTlg 3.0 2.0
PTmd 1.0 2.0
PTsm 0.4 1.0

Oberkochen and Germany). Dimensional analysis was
performed using FIJI (a custom versions of Image] software,
NIH). Briefly, a %2 mm graduated ruler was used to setting the
calibration unit. The ruler’s image profile was plated and pick-
to-pick distances were evaluated for 10 graduations. The
average was evaluated to 20.375 pixels/mm and used for all the
subsequent measurement. Each image was first converted into
eight-bit images. Linear geometries were measured using a line
tool that spans across the geometry’s edges. The line tool
allowed us to draw a line between tow edges and estimate the
equivalent distance based on accuracy values estimated earlier.
For better precision, the image profile was plotted to determine
the geometry’s edges better. Circular geometries were
measured using the Feret diameters algorithm (Merkus, 2009)
using a circle tool. This tool enabled us to draw a circle around
a circular geometry and use it as the algorithm’s input. As
circles were used to evaluate the Feret’s diameter, both the
min- and the max-Fert were considered identical, and

Figure 2 Surface roughness of the flat surface (ROl of 3 in Figure 1)
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therefore, were included in the average calculation. For
consistency, the width was measured along the x-axis, height
along the y-axis and thickness along the z-axis. All dimensional
values were represented as averaged deviations from nominals,
which are all shown in Figure 1.

The surface roughness properties of the printed parts were
measured using the SJ-201 surface test apparatus (Mitutoyo
America Corporation). The measurements were performed on
the top surface of the benchmark as shown in Figure 1. The
apparatus was equipped with a standard detector (ref# 178-
390) and the measurement traversing was set to 0.8 mm. The
surface roughness measurement included: Ra (arithmetic mean
deviation), Rz (average distance between the highest peak and lowest
valley) and Rq (root mean square). All measurements were
repeated three times, and the resulted average, minimum and
maximum values were calculated.

One-way ANOVA was applied for comparison between the
measurement groups. When significant interactions were
found, student’s t-test was applied with P<0.05. Data are
presented as Mean = SD.

3. Results

3.1 Surface roughness
The surface roughness of the printed objects is expected to be
different based on the applied printing technology because of
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Notes: (a) Ra: arithmetic mean deviation; (b) Rz: average distance between the highest peak
and lowest valley; (c¢) Rq: root mean square. The measurement region and direction are
shown in (d). SLA results in the least surface roughness whereas FDM leads to rough

surfaces
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the material used, its printing temperature and cooling rates
and printing resolution. FDM showed a rough surface (Ra;
4.93 um £ 0.18) as expected, whereas the SLLA technology
produced significantly smooth surfaces (Ra; 0.34 um = 0.01).
Both MJ printers showed intermediate values with Objet 260
producing smoother surfaces (Ra; 2.12 wm *+ 0.31) and ProJet
3600 producing rougher surfaces (Ra; 3.84 um * 0.20). Rq
and Rz parameters follow the same pattern as the Ra with a
similar degree of significance (Figure 2).

3.2 Dimensional measurements
It is known that 3DP can facilitate the fabrication of highly
detailed objects that can be composed of numerous small intricate
geometries. These geometries may have a pure esthetic role such
as emphasizing specific object’s regions. However, in more
advanced applications, these geometries might have a functional
role. Consequently, their dimensional accuracy may be crucial in
maintaining the proper function of the entire model. Thus, the
dimensional accuracy of various geometries was evaluated.

To evaluate the overall dimensional accuracy of the
printed parts, the part width and height were measured

Volume 25 - Number 5 - 2019 - 915-924

[Figures 3(a)-3(b)]. For these dimensions, no significant
difference between different 3DP technologies
observed, except for the parts printed using the ProJet 3600
that showed slightly, but negligible, smaller width and
height. This observation might be the result of the heat
treatment of the part that is required for support material
removal. Accordingly, exposing the part to high temperatures
(70-80°C) then to room temperature (~25°C) could have
induced shrinkage of the overall object. This phenomenon was
also observed with the round geometries that showed smaller
inner [Figure 3(c)] diameter and larger outer [Figure 3(d)]
diameters.

was

3.3 Protrusions geometries dimensions

Measurements on the dimensions of the extruded features are
presented in (Table I, Figure 4). Results do not indicate any
significant difference between 3DP technology and equipment.
Interestingly, with large geometries, a slight reduction in the
spacing between each pin can be observed. However, this
reduction does not reach significance due to the high error
values [—0.501 mm *= —0.232; Figure 4(d)]. Moreover, the

Figure 3 Overall benchmark dimensional measurement. Measurements were performed on images of benchmarks built with all tested printers

(a; FDM, SLA, MJP, Objet260, from left to right, respectively)
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Figure 4 PT geometries measurements
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Notes: The drawing shows the location and design DIMENSIONS of the PT
(a). PT width and spacing of large (c) and (d), small (e) and (). Both medium and
large pin distances were identical. Hence, the absence of the medium pins spacing

reduced spacing can be correlated with the large width
[0.755mm = 0.144; Figure 4(c)]. High measurement error
(high STD) is mainly due to some residual resin that is difficult
to clean correctly and is random from one part to the other.

3.4 Thickness accuracy

To evaluate the thickness accuracy, we included a 5 mm base
upon which the geometries were built. All geometries were
5 mm thick. Our results did not show any significant difference
between the thickness values of geometries in all printing
technologies [Figure 5(b)]. In contrast, FDM and SLA
technologies produced a significantly thicker base (+0.545 mm
+ 0.061 and +0.759 mm * 0.067, respectively) [Figure 5(a)].
This increased thickness could be the result of build plate
adhesion layers. Indeed, both FDM and SLLA technologies start
the printing process by printing a few extra layers to improve
object adhesion to the build plate. These layers are often
difficult to remove.

3.5 Measurements on cut-through geometries

In addition to geometries constructed through positive
extrusions, often 3DP objects require CT geometries that are
constructed through negative extrusions. To evaluate the

920

dimensional accuracy of such geometries, we have included
10 through all extrusion cuts to our model’s edge with 1 mm
width and spacing [Figure 6(d)]. ProJet MJP 3600 printers
produced significantly wider pins (+0.306 mm =+ 0.017)
when compared against the designed model [Figure 6(a)].
This width oversizing was correlated with a lower pin spacing
(—0.255mm *= —0.025) [Figure 6(c)]. Similar to particular
geometries described above, the ProJet dimensional
discrepancy could be the result of residual support material
and/or temperature cycles that the model is subject to during
support material removal process.

3.6 Thin features accuracy

As mentioned earlier, the dimensional gaps observed
between certain printed objects and the CAD model might
be a result of geometric distortions of the printed objects due
to severe heat cycles that the objects were exposed to during
the post-processing step in which the temperature levels,
durations and rates of these cycles are different. Indeed,
post-processing steps including heat cycles and U.V.
exposure might induce small geometries distortions. To
verify the geometrical integrity of our model, we have
measured the PT geometries at 5X digital magnification.
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Figure 6 CT geometries measurement
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Notes: (a) ROI used to perform the measurement: (b) the measurements included: the pins
spacing; (c) the pins width; (d) the pins height

Our data show that SLA object is subjected to significant 3.7 Edge sharpness and surface roughness

geometric distortion, wobbling and waviness. That is In applications requiring fluid or air flow control, corner
particularly true for small geometries, which were designed sharpness and high-quality surfaces need to be ensured mainly to
with 0.4 mm width and 1 mm spacing (Figure 7). control the flow regime, pressure and reduce residue
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Figure 7 Thin features geometric integrity
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accumulation. The latter is particularly true for microfluidic
applications that uses soluble particle and minerals. To
investigate corner sharpness and surface roughness of our
models, we have used a ZEISS microscope with 5x magnification
objective to acquire CT geometries at the base, for corner
sharpness observations and along the edge, for surface
roughness observations (Figure 8). Our results showed that
the Objet 260 printer (M]) to produce the smoothest
surfaces. However, it produces curvy corners that were
designed with 90° angles (Figure 8; Objet) whereas, the
ProJet MJP 3600 printers showed the opposite behavior.
That is a rough surface with sharp corners (Figure 8; ProJet).
The FDM printer, on the other hand, showed extreme curvy
angles and surface roughness (Figure 8; FDM).

4. Discussion and conclusions

In this present work, three 3DP technologies (e.g. FDM, SLA
and MJ) and four equipment (Ultimaker 3 extended, Nobel
1.0A, Connex Objet 260 and ProJet MJP 2600) were
compared in terms of their dimensional accuracy, surface
roughness and edge sharpness. To effectively compare the
dimensional performance per se, we limited the post-processing
steps to the minimum requirement. Our results showed
significant variations between the compared technologies.
Although producing acceptable dimensional accuracy, FDM
prints were characterized by a rough surface finish and a poor
edge sharpness. It is to note, however, that our data were
collected on the printed raw object. That is, without further
finishing steps. As a conclusion, FDM prints have to be further
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Figure 8 Microscopic assessment of edge sharpness and surface
roughness of models obtained from FDM, SLA and MJ printing
technologies. In the CAD design, the feature width and spacing were
both setto 1 mm

FDM

ProJet

Obijet 260

SLA

post-processed to improve their usability as end-product
(Galantucci et al., 2009). When this is true for large features, it
rapidly becomes cumbersome for small features. Thus,
reducing the production rate and increasing waste production,
which is against the sustainable aspect of AM. Various research
groups are evaluating an alternative approach to limit the post-
processing phase. For instance, design considerations, slicing
settings and object orientation could improve the resolution and
surface roughness while reducing the post-processing steps
(Agarwal er al., 2018; Khoshkhoo ez al., 2018; Ramli ez al.,
2018). This is particularly important for parts where fit and
form are essential and parts containing small, yet functional,
geometries (Dickens ez al., 1995). Despite these limitations,
FDM technology is by far the most investigated technology. Its
low cost and open-source aspect are indeed the reason behind
this rise of attraction. These studies included, surface roughness
measurement and modeling (Boschetto ez al., 2013; Turner and
Gold, 2015), dimensional accuracy (Ramli ez al., 2018), surface
roughness and quality (Agarwal ez al., 2018; Armillotta, 2006).
In contrast, given their high cost and complexity, only a few
studies addressed M] dimensional accuracy and surface
roughness (Elliott ez al, 2017; Khoshkhoo ez al, 2018).
Similarly, there has been a lack of extensive evaluation of such
parameters for SLA (Campanelli ez al., 2007).
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The low-cost of desktop SLLA printers makes them the direct
competitors of FDM (Szykiedans and Credo, 2016). They are
often characterized by higher print resolution and lower surface
roughness. In the present work, although SILA produces the
smoothest surfaces, it also results in significant thin features
warpage or waviness. Consequently, these printers could not be
effectively used in models that contain such thin features. Besides,
the bottom surface, which is in contact with the build plate, is
often characterized by rough characteristics. That is particularly
true for both FDM and SLA technologies (Armillotta, 2006).
Indeed, to improve build plate adhesion of printed models, these
technologies, often, print adhesion layers before printing the actual
object. Consequently, as observed here, the overall thickness of the
printed models is increased. As a conclusion, FDM and desktop
SLA printers could be an excellent choice for prototyping and
visualization applications, for end-product manufacturing;
however, these technologies need further improvement.

Given their cost and high specifications, as advertised by
their respective manufacturers, MJP printers were expected to
produce ready to use end-product prints. Surprisingly, both the
tested MJP printers showed significant limitations when
printing thin features. As observed in Figure 6, Objet 260 fails
in printing sharp corners of 1 mm cut-through features. The
ProJet MJP 3600, on the other hand, produces rough surfaces
as observed in Figures 2 and 6. Moreover, the thin features
corner sharpness, are significantly affected by a tiny support
layer deposition as seen in Figure 6 (ProJet).

Moreover, both these MJP technologies initiate the printing
process by printing a couple of support layers. Although these
layers aim to facilitate objects removal upon print completion,
it adds an extra layer of complexity during the post-processing
phase. Moreover, the residual support material negatively
affects the overall dimensional accuracy of printed models. As
observed in Figures 2 and 6 (Object 260), Objet 260 printer
produced acceptable surface roughness with superior finish
when the model is printed in the glossy mode. As shown by
Udroiu ez al. the build type (glossy and matte) can significantly
affect the surface roughness properties of the printed models
(Udroiu and Mihail, 2009). In this study, we choose the glossy
type to prevent excessive post-processing on the printed model.

As a conclusion, FDM and desktop SLA printers showed
significant limitations in terms of surface roughness and thin
features accuracy, respectively. Accordingly, these technologies
can be used as low-cost solutions for applications that do not
require superior surface quality and tight dimensional
accuracies such as visualization, demonstration and training
applications. Surprisingly, at the microscopic level, MJP
printers showed significant weakness in terms of corner
sharpness and surface roughness. When combined, the present
data confirm that fact that the tested AM technologies are not
yet ready to produce ready to use end-products and advanced
post-processing phase is required to achieve this task.
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