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Introduction

Historically, expensive commercial rapid prototypers have enabled accurate fabrication 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 [START_REF] Upcraft | The Rapid Prototyping Technologies[END_REF][START_REF] Gibson | Additive Manufacturing Technologies: Rapid Prototyping to Direct Digital Manufacturing[END_REF][START_REF] Petrovic | Additive layered manufacturing: sectors of industrial application shown through case studies[END_REF][START_REF] Gebhardt | Additive Manufacturing by selective laser melting the realizer desktop machine and its application for the dental industry[END_REF][START_REF] Crane | Self-assembly in additive manufacturing: opportunities and obstacles[END_REF]. Recently an open source (OS) model, the RepRap, has been developed that can be built for under $1000 (now Prusa models can be made for about $500), greatly expanding the potential user base of rapid prototypers. Between 2008 and 2011, it is estimated that the number of RepRaps in use had increased from 4 to 4500 [START_REF] Jones | RepRap -the replicating rapid prototyper[END_REF], 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, whose printers are derived from open-source RepRaps, for example, has sold over 13,000 3-D printers since 2009 [START_REF]Makerbot FAQ[END_REF] . The resultant uptake of 3-D printing technology enables for the first time mass-scale environmentallybeneficial distributed digital manufacturing [START_REF] Kreiger | Environmental Impacts of Distributed Manufacturing from 3-D Printing of Polymer Components and Products[END_REF]. The RepRap was created by Adrian Bowyer and is supported and influenced by many contributors largely through the online wiki, which provides detailed assembly instructions for several variants of 3-D printers [START_REF] Jones | RepRap -the replicating rapid prototyper[END_REF][START_REF]Build a RepRap[END_REF]. Thus following the OS model has created rapid technological evolution with the printers improving rapidly with time [START_REF] Chulilla | The Cambrian Explosion of Popular 3D Printing[END_REF]. While OS models have limitations compared to commercial processes, they are capable of creating highly accurate parts with positioning accuracy of 0.1mm [START_REF] Jones | RepRap -the replicating rapid prototyper[END_REF]. RepRap variants currently fabricate objects primarily from acrylonitrile butadiene styrene (ABS) and polylactic acid (PLA), which have melting temperatures low enough to use in melt extrusion outside of a dedicated facility, while high enough for prints to retain their shape at average use temperatures. These machines are already 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 [START_REF] Pearce | Building Research Equipment with Free, Open-Source Hardware[END_REF][START_REF] Pearce | Open-Source Lab How to Build Your Own Hardware and Reduce Research Costs[END_REF]. In addition, it has been proposed that RepRaps could be used for small-scale manufacturing or as an enabling tool for sustainable development [START_REF] Pearce | 3-D Printing of Open Source Appropriate Technologies for Self-Directed Sustainable Development[END_REF]. In order to make RepRaps useful tools in this context and for standard engineering practice basic mechanical properties are necessary. As RepRap 3D printers become more prevalent among home users they are being used to manufacture more diverse objects. This has included more load-bearing components that either replace items normally purchased or are uniquely designed for the specific needs of the user in terms of geometry and function. Both cases require the component to have the necessary strength properties to perform properly and safety. Most home users have no way of testing the strength of their parts and no extensive information is currently available about the mechanical properties of parts printed specifically on RepRaps.

To rectify this technical omission this study quantifies the basic tensile strength/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 variability in these properties when different user-controlled printing and slicing parameters are used, this investigation looked at the relationship between deposition pattern orientation and layer height to tensile strength, 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 settings, a .STL file (as shown in Figure 1) of a tensile test specimen conforming to the ASTM D638 standard was created and distributed online for anyone to print and send to the researchers for testing [START_REF]Standard Test Methods for Tensile Properties of Plastics[END_REF][START_REF]Revised ASTM Tensile Test Specimen[END_REF]. 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 Table 1 was printed 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 used (listed in Table 2) varied from each other with regard to mechanical design, including frame, stepper motors, and extruder head, as well as electronically with regard to firmware, with the open-source created Sprinter and Marlin firmwares being the most commonly used. Different software was used for slicing the .STL files into machine readable g-code, which included Skeinforge, Slic3r, and Cura. In order to determine realistic mechanical property values that RepRap users might encounter, the experiments diverged from the ASTM D638 standard because of uncontrollable specimen conditioning and geometry variability. To replicate realistic environmental conditions for 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 were sliced and printed with different settings such as extruder temperature, based on which settings resulted in the best prints on each printer. Due to the nature of RepRaps and other user assembled 3-D printers being highly customizable, they can vary in construction and components resulting in different settings used in slicing and control software as well as in the firmware. One example of printer variability is how the temperature of the extruder is measured. Many different extruder models exist with most utilizing a thermistor for temperature measurement. Thermistor placement can vary substantially between models relative to the extruder heating element and nozzle. Thermistor calibration is also rarely, if ever, performed. This causes different printers to be set to different extruder temperatures to get high quality prints. Likewise, when two printers are set to the same temperature in software the actual extrusion temperature may be different. Observation has shown that a 5 o C temperature change causes visible quality differences of a 3-D print, which is assumed to change the mechanical strength as well. Printer and slicing settings that were not specified for this study and subject to each printer's specific preferences were: extruder temperature, print bed temperature, nozzle diameter, cooling, print speed, and the number of extruded perimeters composing the outermost edge of a part. The air gap between lines was not adjusted other than with the natural variability between printers. While parts can be created solid or hollow by adjusting the percent infill with RepRaps, with 100% being completely solid, the exact air gap between extruded filament rasters cannot be specified. Therefore, while all specimens were printed with a setting of 100% infill, the actual positive or negative air gaps varies among printers due to printer differences. This affects the part as air gap has been shown to be an important contributing factor to tensile strength [START_REF] Rodriguez | Design of Fused-Deposition ABS Components for Stiffness and Strength[END_REF][START_REF] Li | Composite Modeling and Analysis for Fabrication of FDM Prototypes with Locally Controlled Properties[END_REF]. 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 2in gage length extensometer. Each test was conducted using a crosshead rate of 5mm/min. Stress, strain, and modulus calculations were performed within the Bluehill Software. Each sample set tested consisted of ten specimens for a given group of printer settings. Many specimens broke outside of the gage length due to assumed stress concentrations in the regions changing geometry as was also seen by [START_REF] Ahn | Anisotropic material properties of fused deposition modeling ABS[END_REF]. Data was included in this study for specimens that broke out of the gage length, but displayed a distinct maximum stress before failure. For this reason 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 filament with the direction of loading with the least number of layers. Orienting the build direction of the specimen in different planes changes the amount of extruded filament alignment with loading which can significantly affect tensile strength [START_REF] Bellini | Mechanical characterization of parts fabricated using fused deposition modeling[END_REF].

Results & Discussion

The data from testing showed variations between different specimen sets for both ABS and PLA, with some sets showing large internal differences. Table 3 shows the average property values for both PLA and ABS categorized by layer height and orientation. For ABS, average values among both layer height and orientation showed no large discrepancies as all averages stayed with a reasonable range of the overall average. Specimens printed with a 0.2mm layer height had the greatest tensile strength, while specimens at 0.4mm layer height had the greatest elastic modulus. Between the 0º/90º and +45º/-45º orientations, +45º/-45º was the strongest, while 0º/90º had the greater elastic modulus. The PLA specimens showed greater variability between parameters. For layer heights, tensile strength averages varied by 11.9 MPa, or 22%, between 0.3mm and 0.2mm layer heights while elastic modulus varied by 194 MPa, or 6%, between 0.4mm and 0.2mm layer height. Differences between values based on orientation were much smaller. The tensile strength for the 0.3mm group was brought down by a set of 10 specimens with an average tensile strength of 35.4 MPa yet maintaining an average elastic modulus of 3342 MPa. In general, most specimen sets (e.g. using the same printer and slicing conditions) grouped together, but there were some sets with a wide range, such as the 0.3mm layer height +45º/-45º ABS set from Printer 1 spanning the right side of Figure 2. Figures 2 and3 show that the overall maximum values for both ABS and PLA were in specimens with 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 increased strength with layer height, both sets came from Printer 2, while both 0.2mm layer height sets from Printer 1 had tensile strengths in the middle of the data for the 0°/90° orientation set and at the bottom of the data for the +45°/-45° orientation set. On average, the mechanical property values of RepRap prints are higher than what has been found in similar studies of printed parts from commercial printers. ABS parts in a 0º orientation have previously been found to have tensile strengths nearing 30 MPa and elastic moduli around 1900 MPa [START_REF] Rodriguez | Mechanical behavior of acrylonitrile butadiene styrene (ABS) fused deposition materials. Experimental investigation[END_REF]. Other studies have shown tensile strengths varying between 10-18 MPa and moduli from 1000 -1700MPa for various parameters [START_REF] Li | Composite Modeling and Analysis for Fabrication of FDM Prototypes with Locally Controlled Properties[END_REF][START_REF] Bellini | Mechanical characterization of parts fabricated using fused deposition modeling[END_REF][START_REF] Sood | Parametric appraisal of mechanical property of fused deposition modelling processed parts[END_REF]. One reason for higher values is most likely due to performing the tests at a higher strain rate than other studies. Higher strain rates have been shown to result in higher tensile strength values compared to a lower strain rate in printed parts [START_REF] Rodriguez | Mechanical behavior of acrylonitrile butadiene styrene (ABS) fused deposition materials. Experimental investigation[END_REF]. However, it is clear from these results that parts printed from tuned, low-cost, open-source 3-D printers such as RepRaps can be considered as mechanically functional in tensile applications as those from commercial vendors. The number of perimeters a specimen has also been assumed to affect the strength. Perimeters are present on every layer and always align with the axis of loading in the gage length with one or two perimeters present on the specimens tested depending on user settings of each printer. Therefore, +45º/-45º orientations and 90º layers were not complete as the perimeter had a 0º orientation. By observing the failure surfaces, many PLA specimens from the same printer with clear filament 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 mostly likely due to a combination of high extruder temperature and filament that created significant thermal bonding between both rasters and layers causing greater fusing than was seen in other specimens. These specimens also showed greater tensile strengths compared to specimens with distinct rasters, which indicates a potential method that RepRap users can utilize for components that demand higher strength. The type and quality of the polymer filament has also been observed to be an important factor in printing, whether in ABS or PLA. While printing specimens there were notable differences in extrusion characteristics when using different filaments, even when the only difference between filaments was color from the same vendor. Many different filament suppliers exist and identifiers about the exact filament composition are rarely provided to the end user at this time [START_REF]Price compare 3d printing materials[END_REF]. As low-cost 3-D printer use moves from the hobbyist to those making functional products for themselves or for others, filament vendors that provide both compositional, but also mechanical test data will be at a strategic advantage. While properties on average are similar, if not superior to commercial parts, care must be taken to assess part strength on a printer by printer basis for the following reasons: 1) Processing parameters, such as extrusion temperature, can have a significant effect on the structure and properties of printed parts. These parameters can change on a daily basis to get the best visual quality print therefore altering the mechanical properties. 2) The mechanical design of different printers and their components required different settings that can affect part strength. 3) Real parts loaded in various configurations can behave different than when in simple tension. 4) Filament quality and properties can vary substantially between suppliers (and possibly batches from the same supplier) and from environmental conditions resulting in changing properties. Compared to conventional polymer processing, 3-D printing with RepRaps results in similar to weaker tensile strengths. Injection molded parts made from the same ABS polymer used for commercial printers has been shown to have a tensile strength of 26 MPa [START_REF] Ahn | Anisotropic material properties of fused deposition modeling ABS[END_REF] when tested at a lower strain rate. Other ABS polymers have shown to have tensile strengths from 34-43 MPa when injection molded [START_REF] Ozcelik | Influence of injection parameters and mold materials on mechanical properties in plastic injection molding[END_REF][START_REF] Fu | Characterization of tensile behavior of hybrid short glass fibre/calcite particle/ABS composites[END_REF][START_REF] Scaffaro | Physical properties of virgin-recycled ABS blends: Effect of post-consumer content and of reprocessing cycles[END_REF]. For PLA, injection molded specimens have been seen to have tensile strengths from 30-63 MPa [START_REF] Graupner | Natural and man-made cellulose fibre-reinforced poly(lactic acid) (PLA) composites: An overview about mechanical characteristics and application areas[END_REF][START_REF] Oksman | Natural fibers as reinforcement in polylactic acid (PLA) composites[END_REF][START_REF] Bledzki | Mechanical properties of PLA composites with manmade cellulose and abaca fibres[END_REF]. Therefore while RepRap printed parts are comparable in strength to commercial 3-D printers, for ABS RepRaps generally make parts weaker than conventional injection molding, but can have similar strengths to PLA injection molded parts. With a wide range of variables not included in this study, such as extruder temperature, it is unclear as to whether the observed differences in mechanical properties were due to different layer heights and orientations or from other factors. Variability in part strength between different printers also suggests that unstandardized printer settings may play a more important role than uniformly controlled variables. As open-source 3-D printer use becomes widespread because of the economic advantages of distributed manufacturing for consumers [START_REF] Wittbrodt | Life-cycle economic analysis of distributed manufacturing with open-source 3-D printers[END_REF], more scientific research is required to fully characterize the properties and abilities of printed parts. Focused work on identifying the relationship between print parameters and settings, especially extruder temperature, to part strength will help users create more functional components. Both the current wide selection of 3-D printer filaments available on the market, the burgeoning field of recycled waste plastic filament [START_REF] Baechler | Distributed Recycling of Waste Polymer into RepRap Feedstock[END_REF][START_REF] Kreiger | Distributed Recycling of Post-Consumer Plastic Waste in Rural Areas[END_REF], as well as new materials commonly used in conventional manufacturing processes are becoming viable for 3-D printing and need to be mechanically characterized. Tests for flexural strength, impact strength, wear, thermal properties and electrical properties will provide valuable information about the functionality of 3-D printed parts as they start to be used in more diverse applications requiring higher performance.

Already RepRap technology has been developed for printing steel [START_REF] Anzalone | Low-Cost Open-Source 3-D Metal Printing[END_REF] and new tests will be needed 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 the mechanical properties of the finished products. For example, to determine the impact of removing the support material from different geometric shapes with respect to interlayer direction. In addition, 3-D printed objects can be sanded and polished and painted to meet consumer preferences. Such post-processing steps can be chemical in nature as post-print chemical treatments have been developed for both ABS and PLA. ABS prints can be smoothed with acetone (nail polish remover) either by direct brush application or via a number of vapor treatments. PLA has been shown to be smoothed with a dip treatment in dichloromethane (CH 2 Cl 2 , 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 to determine tensile strength, strain at maximum strength and elastic modulus. The results show that the average tensile strength of RepRap printed parts are 28.5 MPa for ABS and 56.6 MPa for PLA with average elastic moduli of 1807 MPa for ABS and 3368 MPa for PLA. These results indicate that the 3-D printed components from RepRaps are comparable in tensile strength and elastic modulus to the parts printed on commercial 3-D printing systems. While considerations must be made for the settings, tuning, and operation of each individual printer as well as the type, age, and quality of polymer filament used, functionally strong parts can be created with open-source 3-D printers within the bounds of their mechanical properties. 
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 1 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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 2 Figure 2. Tensile Strength vs. Strain at Tensile Strength for ABS printed specimens. Legend: Printer name (layer height-orientation).
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 3 Figure 3. Tensile Strength vs. Strain at Tensile Strength for PLA printed specimens. Legend: Printer name (layer heightorientation).
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