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Abstract

The recent development of the RepRap, an open-source self-replicating rapid prdtetypeade 3-D
polymer-based printers readily available to the public at low costs (<$500).stigamne uptake of 3-D
printing technology enables for the first time mass-scale distributed digital mamifg. RepRap
variants currently fabricate objects primarily from acrylonitrile butadstyre=ne (ABS) and polylactic
acid (PLA), which have melting temperatures low enough to use in melt extrusion ediside
dedicated facility, while high enough for prints to retain their shape at averatmmmratures. In
order for RepRap printed parts to be useful for engineering applications the roacheoperties of
printed parts must be known. This study quantifies the basic tensile strength aadneldstus of
printed components using realistic environmental conditions for standard usersectiarself open-
source 3-D printers. The results find average tensile strengths of 28.5 MPa for ABS and ®&6 MP
PLA with average elastic moduli of 1807 MPA for ABS and 3368 MPa for PLA. le& ¢tom these
results that parts printed from tuned, low-cost, open-source RepRap 3-D printers casidered as
mechanically functional in tensile applications as those from commercial vendors
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Introduction

Historically, expensive commercial rapid prototypers have enabled setalbaication of products or

scale models, been useful as production and design tools, and the development of additive
manufacturing (AM) for rapid prototyping in a number of technologies has been substantial [1-5].
Recently an open source (OS) model, the RepRap, has been developed that can be built forddnder $10
(now Prusa models can be made for about $500), greatly expanding the potential user bake of rapi
prototypers. Between 2008 and 2011, it is estimated that the number of RepRaps in usedssdlincre

from 4 to 4500 [6], and can be assumed to have continued to increase in the last two years. In addition,
other versions of at-home desktop 3-D printers are also selling rapidly. Makerbot, whtses jaire

derived from open-source RepRaps, for example, has sold over 13,000 3-D printe20@t[H . The
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resultant uptake of 3-D printing technology enables for the first time mass-seatmentally-
beneficial distributed digital manufacturing [8]. The RepRap was createdrgnBowyer and is
supported and influenced by many contributors largely through the online wiki, which grdei@ded
assembly instructions for several variants of 3-D printers [6,9]. Thus follonen@$ model has
created rapid technological evolution with the printers improving rapidly vaité fL0]. While OS
models have limitations compared to commercial processes, they are adpmabhding highly

accurate parts with positioning accuracy of 0.1mm [6]. RepRap variants currentat objects
primarily from acrylonitrile butadiene styrene (ABS) and polylactic acid (PLA)clvhave melting
temperatures low enough to use in melt extrusion outside of a dedicated facility, whiladugh ér
prints to retain their shape at average use temperatures. These maehatiesmdy used for art, toys,
tools, household items (see Thingiverse an online repository of open 3-D printable designs) and to
make high-value scientific instruments [11,12]. In addition, it has been proposedpRapReould be
used for small-scale manufacturing or as an enabling tool for sustainaltgpdeset [13]. In order to
make RepRaps useful tools in this context and for standard engineering practice basicalecha
properties are necessary.

As RepRap 3D printers become more prevalent among home users they are being used tlmreanufac
more diverse objects. This has included more load-bearing components that eiftver itepis

normally purchased or are uniquely designed for the specific needs of the user in terms of gewmnet
function. Both cases require the component to have the necessary strength ptogsetiesm

properly and safety. Most home users have no way of testing the strength of tiseangaro extensive
information is currently available about the mechanical properties of parts printgitapg on
RepRaps.

To rectify this technical omission this study quantifies the basic tenglegggi/stress, and elastic
modulus of printed components using realistic environmental conditions for standard users of a
selection of low-cost, open-source 3-D printers.

Methods

To determine the mechanical properties of 3-D printed parts and the variabiligse properties
when different user-controlled printing and slicing parameters are usedvessigation looked at the
relationship between deposition pattern orientation and layer height to tresiigth, strain at tensile
strength, and modulus. Table 1 shows the printing parameters used.

To gather a comprehensive data set covering a wide range of 3-D printers and their aefingdile
(as shown in Figure 1) of a tensile test specimen conforming to the ASTM D638 standand:ated
and distributed online for anyone to print and send to the researchers for[14,15)y An extra,
unattached cylinder was added to the .STL file to aid in proper printing, but was not a part of the
specimen.

A complete set of 10 specimens of each of the combinations of variables shown in Tablerihted
on a variety of open-source 3-D printers including an original Mendel RepRap, a Prusa Mendel
RepRap, a Lulzbot Prusa RepRap, and a custom MOST RepRap. The printers useal {laikxd)
varied from each other with regard to mechanical design, including frame, stepper aratastruder
head, as well as electronically with regard to firmware, with the open-soeated Sprinter and
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Marlin firmwares being the most commonly used. Different software was usettiiog she .STL files
into machine readable g-code, which included Skeinforge, Slic3r, and Cura.

In order to determine realistic mechanical property values that RepRap ifgremeounter, the
experiments diverged from the ASTM D638 standard because of uncontrollable specimgontogdi
and geometry variability. To replicate realistic environmental canditfor distributed manufacturing,
the environmental conditions during printing, storage, and shipping could not be controlled and no
intentional specimen conditioning was performed.

While all specimens were created from the same .STL file, they wesd sl printed with different
settings such as extruder temperature, based on which settings resulted inghatbest each printer.
Due to the nature of RepRaps and other user assembled 3-D printers being highly custoh@yable, t
can vary in construction and components resulting in different settings used in slicirapandt c
software as well as in the firmware. One example of printer variabilitywsie temperature of the
extruder is measured. Many different extruder models exist with most utiéizimeymistor for
temperature measurement. Thermistor placement can vary substantially betwelsretetoe to the
extruder heating element and nozzle. Thermistor calibration is also rarely, if ef@meel This
causes different printers to be set to different extruder temperatures tghggquaility prints. Likewise,
when two printers are set to the same temperature in software the acusbexgmperature may be
different. Observation has shown that@ femperature change causes visible quality differences of a
3-D print, which is assumed to change the mechanical strength as well. Printécingdsttings that
were not specified for this study and subject to each printer’s specific padereere: extruder
temperature, print bed temperature, nozzle diameter, cooling, print speed, and the numheteaf extr
perimeters composing the outermost edge of a part.

The air gap between lines was not adjusted other than with the natural variabilggterinters.

While parts can be created solid or hollow by adjusting the percent infill witRdep with 100%

being completely solid, the exact air gap between extruded filament rasters caspetibed.
Therefore, while all specimens were printed with a setting of 100% infilac¢hel positive or negative
air gaps varies among printers due to printer differences. This affects tlas pargap has been shown
to be an important contributing factor to tensile strength [16,17].

Testing was performed on an Instron 4468 load frame controlled using the Bluehill Software on a
Windows PC. Load was measured with a 50kN load cell and strain measured using a 2imgglage le
extensometer. Each test was conducted using a crosshead rate of 5mm/min. Stmessdsimmdulus
calculations were performed within the Bluehill Software. Each samplessedtconsisted of ten
specimens for a given group of printer settings.

Many specimens broke outside of the gage length due to assumed stress concentriatioagions
changing geometry as was also seen by [18]. Data was included in this studgifoesgehat broke
out of the gage length, but displayed a distinct maximum stress before failure. FFeasbis
conclusions could be made only for modulus and maximum strength, not specimen failure or
elongation.

All specimens were printed in the x-y plane, which aligned the extruded filamenheithirection of
loading with the least number of layers. Orienting the build direction of the specimen imdliffere
planes changes the amount of extruded filament alignment with loading which cénasggiaffect
tensile strength [19].
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Results & Discussion

The data from testing showed variations between different specimen sethféB®and PLA, with
some sets showing large internal differences. Table 3 shows the avenageypvalues for both PLA
and ABS categorized by layer height and orientation.

For ABS, average values among both layer height and orientation showed no large dissegaalt
averages stayed with a reasonable range of the overall average. Specmeasvith a 0.2mm layer
height had the greatest tensile strength, while specimens at 0.4mm layer height hadetieetaetic
modulus. Between the 0°/90° and +45°/-45° orientations, +45°/-45° was the strongest/9GRilead®
the greater elastic modulus.

The PLA specimens showed greater variability between parameters. For Ighes,h&@nsile strength
averages varied by 11.9 MPa, or 22%, between 0.3mm and 0.2mm layer heights whilmethdtis
varied by 194 MPa, or 6%, between 0.4mm and 0.2mm layer height. Differences betweebhassddes
on orientation were much smaller. The tensile strength for the 0.3mm group was bovugllych set
of 10 specimens with an average tensile strength of 35.4 MPa yet maintaining aa alastg
modulus of 3342 MPa.

In general, most specimen sets (e.g. using the same printer and slicing condibopsjl gogether, but
there were some sets with a wide range, such as the 0.3mm layer height +45°/-4&¢ iA& Brinter
1 spanning the right side of Figure 2.

Figures 2 and 3 show that the overall maximum values for both ABS and PLA wereiinessewith

a 0.2mm layer height and 0°/90° orientation. While this is more pronounced for ABS as the second
highest set had a 0.2mm layer height with a +45°/-45° orientation, a potential indication of thcrease
strength with layer height, both sets came from Printer 2, while both 0.2mm layerdstgyfiom
Printer 1 had tensile strengths in the middle of the data for the 0°/90° orientation sethanlodtiom

of the data for the +45°/-45° orientation set.

On average, the mechanical property values of RepRap prints are higher than \bleanHfasind in
similar studies of printed parts from commercial printers. ABS parts in a 0° ¢inarttave previously
been found to have tensile strengths nearing 30 MPa and elastic moduli around 1900 MP&§0]. Ot
studies have shown tensile strengths varying between 10-18 MPa and modub®®m 1I700MPa for
various parameters [17,19,21]. One reason for higher values is most likdty gerforming the tests at
a higher strain rate than other studies. Higher strain rates have been shown to regheét itehsile
strength values compared to a lower strain rate in printed parts [20]. Howevetedri from these
results that parts printed from tuned, low-cost, open-source 3-D printers suctRapfepn be
considered as mechanically functional in tensile applications as those from corhvesdoas.

The number of perimeters a specimen has also been assumed to affect the strengthrd’aren
present on every layer and always align with the axis of loading in the gage lengtmevih two
perimeters present on the specimens tested depending on user settings of each prifbee, Hi&RE-
45° orientations and 90° layers were not complete as the perimeter had a 8flarient

By observing the failure surfaces, many PLA specimens from the same printereaitfilament were
found to have bonded during printing in such a way that the specimen appeared to be more like a
homogeneous solid than a composition of individual extruded rasters. This is mostlylikeb a
combination of high extruder temperature and filament that created significant thermal bonding
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between both rasters and layers causing greater fusing than was seen in other specimens. Thes
specimens also showed greater tensile strengths compared to specimersinctirasters, which
indicates a potential method that RepRap users can utilize for components that denearstriggth.
The type and quality of the polymer filament has also been observed to be an impodant fact
printing, whether in ABS or PLA. While printing specimens there were notable difesrémextrusion
characteristics when using different filaments, even when the only difieletween filaments was
color from the same vendor. Many different filament suppliers exist and idehibeut the exact
filament composition are rarely provided to the end user at this time [22]. As loB-Eoptinter use
moves from the hobbyist to those making functional products for themselves or fsr bthment
vendors that provide both compositional, but also mechanical test data wik B&@egic advantage.
While properties on average are similar, if not superior to commercial partsygsirbe taken to as-
sess part strength on a printer by printer basis for the following reasons: 1) Pgppasameters, such
as extrusion temperature, can have a significant effect on the structure and propertigsdparts.
These parameters can change on a daily basis to get the best visual quatiteefiote altering the
mechanical properties. 2) The mechanical design of different printers and their compeaqantsi
different settings that can affect part strength. 3) Real parts loaded in variigsretions can behave
different than when in simple tension. 4) Filament quality and properties can vatgraiddly between
suppliers (and possibly batches from the same supplier) and from environmental conditidng rasult
changing properties.

Compared to conventional polymer processing, 3-D printing with RepRaps resultdan simieaker
tensile strengths. Injection molded parts made from the same ABS polymer used for commercia
printers has been shown to have a tensile strength of 26 MPa [18] when testeccastrdinvrate.
Other ABS polymers have shown to have tensile strengths from 34-43 MPa wheorinjesitied
[23-25]. For PLA, injection molded specimens have been seen to have tensile streng8G6@®m
MPa [26-28]. Therefore while RepRap printed parts are comparable in strength to commercial 3-D
printers, for ABS RepRaps generally make parts weaker than conventionaimnpaotding, but can
have similar strengths to PLA injection molded parts.

With a wide range of variables not included in this study, such as extruder temgedtas unclear as
to whether the observed differences in mechanical properties were due to diffgeeheights and
orientations or from other factors. Variability in part strength between differentrgrais® suggests
that unstandardized printer settings may play a more important role than upitomtriolled variables.
As open-source 3-D printer use becomes widespread because of the economic advantagasted dist
manufacturing for consumers [29], more scientific research is required to fully tehe@the
properties and abilities of printed parts. Focused work on identifying the relationshgebeivint
parameters and settings, especially extruder temperature, to part strenigéipnikers create more
functional components. Both the current wide selection of 3-D printer filaments avaifatiie
market, the burgeoning field of recycled waste plastic filament [30,31],lbasngew materials
commonly used in conventional manufacturing processes are becoming viable oms+ig and

need to be mechanically characterized. Tests for flexural strength, impacthstregryt thermal
properties and electrical properties will provide valuable information d@bedtinctionality of 3-D
printed parts as they start to be used in more diverse applications requiring hrigrengee.
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Already RepRap technology has been developed for printing steel [32] and newltéstseeded to
be developed to determine the mechanical properties of 3-D printed metal objects.

Finally, additional work is needed to address the impact of post-processing on thaioacha
properties of the finished products. For example, to determine the impact of remowsngbet
material from different geometric shapes with respect to interlayeridimett addition, 3-D printed
objects can be sanded and polished and painted to meet consumer preferences. Such paogt-process
steps can be chemical in nature as post-print chemical treatments haveveéseddor both ABS
and PLA. ABS prints can be smoothed with acetone (nail polish remover) either thypdist
application or via a number of vapor treatments. PLA has been shown to be smoothed with a dip
treatment in dichloromethane (&E,, DCM). Future work is needed to test these factors to assist a
more broad application of distributed manufacturing with RepRaps.

Conclusions

The mechanical properties of ABS and PLA components made using various desktop open-source
RepRap 3-D printers were characterized through standard tensile tests tordetensile strength,

strain at maximum strength and elastic modulus. The results show that the temsdgestrength of
RepRap printed parts are 28.5 MPa for ABS and 56.6 MPa for PLA with average etakilcah1807
MPa for ABS and 3368 MPa for PLA. These results indicate that the 3-D printguboents from
RepRaps are comparable in tensile strength and elastic modulus to the parts printed aniab&be
printing systems. While considerations must be made for the settings, tuning, and operaitbn of e
individual printer as well as the type, age, and quality of polymer filament usedphatigt strong

parts can be created with open-source 3-D printers within the bounds of their mechanicaéproper
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Figure Captions

Figure 1. a) Rendering of the
shared .STL filed of the ASTM D638
tensile standard [15] and b) digital
photograph of a specimen in load
frame.
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