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Potential of Distributed Recycling from Hybrid Manufacturing of 3-D Printing and 
Injection Molding of Stamp Sand and Acrylonitrile Styrene Acrylate Waste Composite 

Theresa K.Meyer, Nagendra G.Tanikella, Matthew J.Reich, Joshua M.Pearce 

Abstract 
In the Upper Peninsula of Michigan, over 500 million tons of copper rich rock were 

removed from mines and treated in chemical baths to extract copper.  Toxic substances have 
been seeping into the watersheds from the resultant waste stamp sands.  Recent work on 
developing a circular economy using recycled plastic for distributed manufacturing technologies 
has proven promising, and this study investigates the potential to use this approach to form stamp 
sand and acrylonitrile styrene acrylate (ASA) composites. Specifically, this study found the 
maximum amount of stamp sand that was able to be added to waste ASA by mass with a single 
auger recyclebot system for compounding was below 40%. The mechanical properties of the 
composite were evaluated up to 40%, and the addition of stamp sand reduced the material’s 
ultimate tensile strength by about half compared to the strength of raw recycled ASA, regardless 
of the percent stamp sand in the composite. However, this strength reduction plateaus and the 
tensile strength of the ASA and stamp sand composites can be compared favorably with 
acrylonitrile butadiene styrene (ABS) at any level. This makes waste ASA- stamp sand 
composites potential replacements for outdoor applications of ABS as well as some current ASA 
applications. These results are promising and call for future work to evaluate the technical, 
economic and environmental potential for waste ASA - stamp sand composites. 

Keywords: recycling; stamp sand; acrylonitrile styrene acrylate; composite; additive 
manufacturing  

1. Introduction
Between 1850 and 1968, copper and other ores were heavily mined in the Upper 

Peninsula of Michigan. Over 500 million tons of copper rich rock were removed from mines and 
treated in a chemical bath to extract more copper [1], then dumped into the areas surrounding 
Lake Superior and all of its inlets [2]. Copper, as well as other toxic substances1 such as mercury 
and arsenic have been seeping into the watersheds from the stamp sands surrounding the Upper 
Peninsula since the mining era began [3,4]. These toxic substances have damaged ecosystems in 
and around Lake Superior by harming native fish and damming stream outlets [4,5] as well as 
being more harmful for amphibians [6]. When tests indicating that the levels of these minerals 
were dangerously high in areas such as Torch Lake, small amounts of stamp sand were 
excavated [7]. However, stamp sands are unstable, highly mobile [5] and toxic materials [8], 
which remain an environmental scourge on the entire region as they contaminate the water 

1 For example, in areas like Torch Lake, where 200 million tons of stamp sand were deposited, cupric ammonium 
carbonate, lime, pyridine oil, coal-tar and wood creosotes, pine oil, and xanthates have also been found in soil 
samples [7]. 
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including Lake Superior. For example, through littoral drift, an estimated 15 million cubic yards 
of stamp sands threaten the Buffalo Reef, which serves as a spawning habitat for whitefish and 
about a quarter of the annual lake trout yield from Lake Superior’s Michigan waters [9]. Stamp 
sand beaches often have little vegetation as grass and shrubs are not able to grow in the toxic 
environment that stamp sand causes [1].  

Various industries and research groups have attempted to find a use for stamp sands to 
enable their economic removal from the environment. Stamp sands are sometimes used in some 
Upper Peninsula communities for winter maintenance, but this contributes to contamination of 
the environment. Some applications of stamp sand such as additions of sand to Portland cement 
or flooring tiles were proved beneficial [10]. It has been proposed to be a fine aggregate in 
concrete [11] and the EPA has awarded a grant to investigate the potential of stamp sand to be 
used in roofing shingles [12]. However, because of the amount of stamp sand in the Upper 
Peninsula, no commercial application has been found to remove even a significant fraction of the 
waste material from contaminating nature. This is in part because although the cost of stamp 
sand is essentially its transportation cost (the material can be thought of as a free industrial 
waste), the Upper Peninsula is sparsely populated, geographically isolated and economically 
depressed in part because of high energy costs that reduce business viability [13]. A means to 
use more stamp sand in substantial quantities in such a rural isolated environment is needed. 

Today new types of currently human-generated waste are threatening water systems 
[14,15] with 275 million metric tons (MT) of plastic waste generated in 192 coastal countries in 
2010, with 4.8 to 12.7 million MT entering the ocean [16]. In addition, to the oceans, fresh water 
such as the Great Lakes have also been negatively affected by plastic pollution.  One study 
detailing plastic particles on Lake Huron’s beaches found 2,984 pellets, 108 fragments, and 117 
pieces of Styrofoam, over an area of only 85 m2 [17]. In Lake Superior, there is also a significant 
amount of microplastics [18]. Perhaps most concerning are weather resistant plastics that can 
survive in the environment even longer than common plastics that last over 450 years [19-21]. 
One plastic, with particularly strong weather resistance is acrylonitrile styrene acrylate (ASA) 
[22-24].  ASA applications include exterior siding, signage, and side mirror housings on 
automobiles because it is chemically resistant [25], UV resistant, and resistant to color fading 
and aging [24]. As ASA plastic is weather resistant, it does not wear easily in outdoor 
environments and therefore would be expected to persist longer in the natural environment than 
other plastics creating similar problems of the long-life waste of stamp sand.  

What if two wrongs could make a right – by combining these two wastes into a new 
material that can be used for manufacturing products locally? Recent work on developing a 
circular economy using recycled plastic for additive manufacturing (AM) technologies has 
proven promising [26,27] for a wide range of plastics including: polylactic acid (PLA) [28-33], 
acrylonitrile butadiene styrene (ABS) [33-37], high-density polyethylene (HDPE) [38-40], 
polypropylene (PP) [33, 40], polystyrene (PS) [40], polyethylene terephthalate (PET) [33,41], 
linear low density polyethylene (LLDPE) and low density polyethylene (LDPE) [42], 
polycarbonate (PC) [43] and elastomers [28]. These studies all used single material waste 
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streams, but other studies have studied composites including various types of waste wood or 
waste cellulose (paper and cardboard) with various plastics [45-47]. There is an established 
hierarchy of distributed recycling processing techniques [48] that include first mechanical 
grinding, then the particles are 1) the particles are directly printed with fused particle fabrication 
(FPF) or a heated syringe printer, if not amenable then 2) converted to filament using a 
recyclebot and 3-D printed using fused filament fabrication (FFF), and again if not amenable 
then 3) the particles are injection molded in a custom 3-D printed mold [43]. Thus, distributed 
recycling can be used in distributed manufacturing of bespoke products. Following that work, 
this study investigates the potential to combine two harmful waste materials (stamp sand and 
ASA) into a useful material, which can be injection molded into 3-D printed PC molds allowing 
for distributed manufacturing. The particle size distribution of stamp sand and waste ASA were 
quantified and then formulations of 0-20% stamp sand by mass were compounded using a 
recyclebot waste plastic extruder, pelletized, and then injection molded into ASTM type iv 
tensile bars. As the higher stamp sand percentages were not able to be mixed uniformly by the 
recyclebot, they were dry mixed and further mixed in the injection molder. The mechanical 
properties of the waste stamp sand recycled ASA were quantified and the break surfaces were 
analyzed using optical microscopy.  The results are presented and discussed in the context of 
eliminating stamp sand in the Upper Peninsula of Michigan by using it waste polymer 
composites.  

2. Materials and Methods
2.1 Materials

Stamp sand was acquired from North Canal Township Park, MI. Black recycled ASA 
was provided by McDonnough Plastics, Fenton MI for $1/lb ($2.20/kg). The particle size 
characteristics of the stamp sand and recycled ASA starting material were quantified using 
digital imaging and the open source Fiji/ImageJ following a standard methodology [43] to 
determine the size distributions of the particles.  

2.2 Methods 
Mixtures of stamp sand and recycled ASA were made of 0%, 10%, 20% 40% stamp 

sand: ASA. The percentages were determined by mass on a scale with certainty +/- 0.1g. 
Mixtures were vacuum dried in a vacuum oven at 70 °C for 8 h and mechanically mixed. 
Mixtures below 40% stamp sand were compounded using a recyclebot waste plastic extruder 
[38], which was the limit of percentage limit of sand able to be used on the machine. During 
operation of the recyclebot, the stamp sand and ASA plastic mixtures were poured into a 3-D 
printed funnel apparatus connected to the top of the recyclebot’s auger. The recyclebot operated 
at 280 oC and rotated approximately 7.75 rotations per minute while extruding. The resultant 
filaments were pelletized [49]. Particle size characterization following the method described 
above was also utilized for the pellets.  40% stamp sand and ASA was mixed dry and directly 
used. 
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To find the density of the stamp sand a Micromeritics AccuPyc 1330 certain to 
+/-0.0001g/cc was used. A small amount of stamp sand is placed in a cylinder, massed, and then 
placed into the machine. The machine uses the known volume of the cylinder and measures the 
amount of helium gas needed to fill the cylinder entirely to calculate the space that the material 
takes up and uses the inputted mass of the sample to give the density. For this data point, 5 tests 
were done to minimize error. 

ASTM D638 Type 4 standard tensile bars [50] molds were fabricated with a Lulzbot 
TAZ 6 open source 3-D printer (Aleph Objects, Loveland CO) with 2.85 mm PC filament 
(Gizmodorks, Temple City, CA). The PC molds were then covered in an aluminum tape to give 
its internal faces a smooth molding surface and increase its lifespan. A small amount of the 
mixture was poured into the heating tube of an open source injection molding system shown in 
Figure 1. As in Figure 1 a tube, heated with a nichrome wire coil, is filled with the ASA mixture 
and a plunger is manually operated to inject the melted mixture into the mold. The mold of the 
ASTM type IV tensile bars consists on a top and bottom layer of aluminum sheet, and a middle 
layer that was 3-D printed out of polycarbonate. The injection molding system was set to 280oC, 
and the composite material was heated for approximately 15 minutes. A stir rod was used to 
further mix the stamp sand and ASA together once it was melted, and then the mold was 
screwed firmly to the end of the heating tube. A push rod was then pressed into the top of the 
tube, extruding the composite material into the mold. 100% Extra Virgin Olive Oil Cooking 
Spray 
(Essential Everyday brand) was used as a mold removing agent. After the tensile bars were 
molded, they were removed from the molds and let cool in the air at room temperature for 
approximately 10 minutes. They were then washed in cold water to remove the cooking oil 
residue. 
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Figure 1. Schematic of open source injection molding system. 

Tensile testing was completed five times for each sample percent of stamp sand ASA 
composite material. The specimens were pulled until failure using a 10,000 lb. load cell (Model 
LCF455). The strain data was captured using the crosshead extension on the Universal Testing 
Machine. The crosshead speed used was 5mm/min. The tests were displacement controlled.  
Fracture surfaces were evaluated with a microscope (Leica MZ8) and images were captured 
using a Sony ILCE-5000. The average percentage area covered by sand grains was calculated 
using ImageJ software. This was then compared with the percentage composition by volume of 
sand in the composite using the density of stamp sand from the Micromeritics AccuPyc. In 
addition, the grain sizes on the cross section of the specimens were analyzed for the highest 
stamp sand density composites (40%). The size of the grains were measured using Image J and 
then the values were converted to millimeters using the cross section area as reference, which 
was measured using digital calipers. 
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Finally, the ability to coat the exterior surface of ASA-stamp sand composites was tested 
by coating the surface with acetone and then dip coating in stamp sand. 

3. Results
The particle sizes of the stamp sand and starting polymers are shown in Figure 2 and 3, 

respectively. Stamp sand has an approximate optical area of 0.7-0.8 mm2, while the ASA pellets 
had an area ranging from 6.0-10.2 mm2, approximately ten times larger than that of the sand. 
After compounding with the recyclebot extruded and cut the resultant thin column-like granules 
are shown in Figure 4. These composite granules were then further processed in the injection 
molding system. 

In low percentages (until around 40%) the sand tends to stick to the plastic pellets and 
remain relatively well mixed. This allowed the tensile bars to be more reliable because the 
mixture was homogeneous and the sand did not settle to the bottom of the molds or pool within 
the melted plastic.   

Figure 2. Particle size distribution of stamp sand. 
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Figure 3.  Particle size distribution of ASA raw pellets. 

Figure 4. Particle size distribution of pelletized stamp sand and ASA composite after 
recyclebot processing and cutting. 

The density of the stamp sand was measured as 2.955 g/cm3 and the well described 
density of ASA is about one third that of the stamp sand at ~1.060g/cm3.   
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The stress vs strain curves are shown for pure ASA, 10%, 20% and 40% stamp sand in 
Figure 5. 

Figure 5. Stress strain curves for each set a) 0%, b) 10%, c) 20%, and d) 40% stamp sand 
in ASA.  

The ultimate tensile strength (UTS) is shown in Figure 6. As can be seen for Figure 6, the 
tensile strength is reduced with the inclusion of stamp sand, but then saturates as more stamp 
sand is added until the compounding limit is reached on the recyclebot. 
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Figure 6. UTS as a function of percentage of stamp sand in composite. 

Figure 7 shows the cross section of each of the ASA stamp sand composite compounds 
under the microscope. The voids, which are visible for the composite cross-sections, were 
generally not created during the injection molding process or air voids. The voids on one part of 
the specimen had corresponding grains on the other part of the specimen (e.g. the voids were the 
size and shape of grain locations).  
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Figure 7. Microscope image of  a) 0%, b) 10%, c) 20%, and d) 40% stamp sand in ASA. 

Figure 8 shows the sand grain size distribution in the 40% stamp sand ASA composite. The 
average particle size from image J was found to be 0.325 mm2 with a standard deviation of 0.208 
mm2. 
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Figure 8. Sand grain size distribution in the 40% stamp sand ASA composite after processing 
and cross sectioning. 

4. Discussion
4.1 Mixing and upscaling the process

 Upscaling this processing system is important to utilize the large quantities of recycled 
ASA and stamp sand available. ASA plastic can be granulated at the industrial scale, but also as 
the small and medium size enterprise (SME) scale using open source waste plastic granulators 
[51]. Preparation and mixing of ASA and stamp sand can be done on large scales using industrial 
mixers like ones used for cement. If the dry materials are mixed recently before melting, the 
stamp sand will not settle towards the bottom, and a uniform composite can be made based off 
the observations made in composites with up to 40% stamp sand. 

Unfortunately, industrial injection molding machines would not be able to handle the grit 
of the stamp sand. They are designed for pure plastics, not composites, and the stamp sand would 
clog or damage the mold and machines. The open source injection molding system used for this 
project is too small to use on a large scale, but a similar system can be designed and used to 
injection mold larger parts or a series of such systems can manufacture many parts in parallel.  

The most efficient way to scale up production of stamp sand ASA composites would be 
to move towards a compression molding or temperature molding system and is left for future 
work. Large molds can be made out of sheet metal or 3-D printed on high temperature printers, 
and dry mixtures of stamp sand and ASA can be poured in and placed in an oven to melt into a 
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solid shape. Bricks or sidewalk tiles can be produced in large quantities with enough molds and 
industrial ovens. This process would greatly increase output of stamp sand and ASA composites, 
which would remove those waste materials from the environment at a faster pace. 

4.2 Mechanical properties of stamp sand + ASA composites 

The ASA stamp sand composite has about half the strength of raw recycled ASA as 
shown in Figure 6. The cross-section images in Figure 7 show that most of the specimens broke 
at one of the larger grains of sand. The size of the largest grains and the strength of those grains 
would determine the actual tensile strength of the composite. Hence, significantly more variation 
is observed within each sample than between the 10%, 20% and 40% samples as shown in Figure 
5. The tensile strength of the ASA and stamp sand composite can be compared favorably with 
AM ABS, which has a tensile strength of 25-40Mpa [52-55]. However, injection molded ABS 
has a tensile strength of about 47Mpa [56], which indicates that for conventional injection 
molded ABS products the composite may not be appropriate.  

ABS is one of the most common thermopolymers used for material extrusion-based AM, 
which makes up the majority of the global AM market and is expected to grow to US$ 36-41 
billion/year by 2027 from US$ 9.3 billion/year in 2018 [57,58].  In 2018 and polymeric additive 
manufacturing has reached nearly US$5.5 billion and if the materials fraction of the budget 
grows as expected it will reach about US$10 billion by 2027 [58]. Even though the composite 
developed in this study would only be an appropriate replacement for a fraction of this market, it 
represents a substantial method to reduce stamp-sand in the U.P. For example, the world’s first 
3-D-printed car, Local Motors Strati used ABS plastic [59,60]. The reduced tensile strength of 
the stamp sand+ASA composite as compared to injection molded ABS may be acceptable for 
some applications particularly those for outdoors, which should be investigated in future work.

As expected, the percentage of stamp sand by mass (input) controlled the volume of sand 
observed in the composites as well as the amount of stamp sand in the cross-sectional areas at 
breaking as summarized in Table 1. The volume percentage was calculated using the measured 
density of the stamp sand of 2.95449g/cm3 (with a standard deviation of 0.0002g/cm3) and the 
density of ASA of 1.060g/cm3. The error for the percentage area of sand was calculated using 
imageJ to quantify the cross section and the mass has error based on the measuring instrument 
used and the density is accurate to three significant figures.  

Table 1. Percent volume and area of stamp sand 

Percentage of Stamp Sand by Mass 10 20 40 
Percent Volume of Stamp Sand in the 
composite 3.83 8.23 19.30 
Percentage Area of Stamp Sand at the 
Cross Section 2.94 (SD 0.93) 6.76 (SD 2.21) 18.24 (SD 4.05) 
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The slightly lower percentages measured on the cross section (Table 1) are because of stamp 
sand grains that broke from the test specimens. When comparing the grain size distribution in the 
fractured composite (Figure 8) from the raw material sand grain size distribution (Figure 2), it is 
clear that the grain area size distribution has been reduced by processing, which could be due to 
the grains breaking during the manufacturing process, a preference for larger grain sizes, or due 
to the smaller grains accumulating in the reduced section of the specimen and the larger grains 
accumulating in the grip section of the specimen. This, however is of secondary importance as 
the number of stamp sand grains that broke within the specimen were low. Hence, the failure 
location was not due to a high concentration of sand grains simply the presence of some of them. 
Overall, the addition of some stamp sand to recycled ASA was a small enough impact on its UTS 
to make the composite a promising material for outdoor applications for replacing ABS 
particularly if it is AM manufactured ABS. ABS is a poor outdoor polymer because the surface 
"chalks", which not only discolors but also reduces the impact strength dramatically due to 
micro-crack initiation [61-64]. Although ABS can be UV stabilized, the impact modifier in ABS 
is polybutadiene, which is susceptible to oxidation from the double bonds, rendering the polymer 
unstable [65,66].  Despite these shortcomings ABS is often used in outdoor applications with 
pigments that shield it against UV radiation [67]. 

4.3 Applications 
If processes such as the one described in this study are taken advantage of, two 

environmentally-harmful waste materials could be removed from the environment and used to 
replace already necessary materials. This study has shown that distributed manufacturing 
methods (combining 3-D printing with small batch injection molding) could make waste ASA-
stamp stand composites viable materials for a range of applications. Although the ability to 3-D 
print bespoke molds and then inject a waste material [43] has numerous benefits, the preliminary 
investigation of the waste composite indicates that the mechanical properties may also be of 
interest to large-scale manufacturing of conventional manufactured products. Waste ASA 
composites are potentially ideal for outdoor applications to begin with and adding a toxic sand 
would indicate that outdoor applications are also the optimal option. This is because the 
materials are highly likely to be toxic themselves so would be inappropriate for products to be 
used in food gardens, children’s toys, and other products that would come in contact with 
humans directly or indirectly through ingestion. These applications need to be away from 
drinking water and food production areas (e.g. farms and food gardens). However, because of 
stamp sand’s herbicidal properties, maintenance for many outdoor applications may be reduced 
or not required at all [1]. ASA stamp sand composites could be used to replace existing outdoor 
applications of ABS like electronic boxes or marine applications. The stamp sand ASA 
composite would be more resistant to outdoor weathering while at the same time the stamp 
sand’s ability to limit biological growth could reduce cleaning and maintenance requirements. 
These properties of the composite need to be tested in future work. The composite could also be 
used for a stand in for ABS on energy conservation applications like air deflectors, which are 
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used in transportation to reduce wind resistance for vehicles improving their fuel economy [68]. 
Such waste composite air deflectors would be expected to reduce cleaning. In addition, ASA-
stamp stand composites could be used for traditional applications of ASA like siding material, 
outdoor seating, and giant outdoor chess sets [69,70]. Large volume applications are necessary to 
remove all of the polluting stamp sand. Thus, stamp sand - ASA composites could also be 
investigated to be used for non-traditional applications like making tombstones. These 
composites would again provide for easier maintenance and less cutting of grass directly around 
the tombstones would be required if the biological properties of the stamp sand are retained in 
the composite. In addition, the 3-D printing mold making capabilities shown here could allow for 
easy customization as compared to traditional stone milling used for tombstones. One possible 
application of an ASA plastic and stamp sand composite is production of sidewalk paving bricks. 
Many brick-paved pathways require maintenance to prevent weeds and grasses from growing in 
the cracks between bricks.  These types of applications are necessary in order to drive the large 
market needed to eliminate stamp sand waste repositories in the upper peninsula of Michigan 
from further polluting Lake Superior. 

Future work is needed to evaluate the technical, economic and environmental potential for waste 
ASA - stamp sand composites for both applications of ABS material replacement as well as for 
ASA applications. New tests are needed to evaluate the compressive strength as well as impact 
resistance of these materials. The latter is necessary as the fracture surface shown in Figure 6 
displays little ductility, and thus the impact strength may limit applications. To gain a better 
understanding of the mechanical properties future work could probe the distribution of sand 
within the polymer using computed tomography. In addition, the anti-biological properties of the 
material composite need to be evaluated if the composite should be thought of as means to safely 
encapsulate stamp sand filler (e.g. a way to make ASA more dense for specific applications) or 
if the anti-biological properties would reduce maintenance for outdoor applications by removing 
the need to clean algae, biofilms, etc. 

5. Conclusions
This study found potential to combine the two harmful waste materials of stamp sand and 

waste ASA into a useful material, which can be injection molded into 3-D printed PC molds 
allowing for distributed manufacturing of custom products. Stamp sand was able to be added to 
waste ASA up to 40% by mass using a single auger recyclebot system for compounding. The 
ultimate tensile strength of the resultant composites reduced about half the strength of raw 
recycled ASA after even 10% sand. However, this strength reduction plateaus and the tensile 
strength of the ASA and stamp sand composites can be compared favorably with ABS. This 
makes waste ASA- stamp sand composites potential replacements for outdoor applications of 
ABS as well as some current ASA applications. These results are promising and call for future 
work to evaluate the technical, economic and environmental potential for waste ASA - stamp 
sand composites. 

https://doi.org/10.1016/j.susmat.2020.e00169


Acknowledgements: This research was supported by Torch Lake Industries Inc., Aleph Objects 
and the Richard Witte Endowment. 

6. References

1. Rasmussen, T., Fraser, R., Lemburg, D.S., Regis, R. (2002). Mapping Stamp Sand
Dynamics. Journal of Great Lakes Research 28(2) pp. 276-284.
https://doi.org/10.1016/S0380-1330(02)70583-2

2. Jeong, J., Urban, N.R. and Green, S., 1999. Release of copper from mine tailings on the
Keweenaw Peninsula. Journal of Great Lakes Research, 25(4), pp.721-734.

3. Kerfoot, W.C., Urban, N.R., McDonald, C.P., Rossmann, R. and Zhang, H., 2016.
Legacy mercury releases during copper mining near Lake Superior. J. Great Lakes Res,
42, pp.50-61.

4. Kerfoot, W.C., Urban N.R., McDonald C.P., Zhang H., Rossmann R., Perlinger J.A.,
Khan T., Hendricks A., Priyadarshini M., Bolstad M. (2018). Mining legacy across a
wetland landscape: high mercury in Upper Peninsula (Michigan) rivers, lakes, and fish.
Environmental Science Process Impacts. 20(4) 708-733.

5. Kerfoot, W.C., Brooks, C. (2018) Gay Stamp Sands. [WWW Document] URL
https://spatial.mtri.org/stampsands/

6. Haak, Danielle M., (2011). Impact of copper mine tailings (stamp sand) on survival and
development of aquatic organisms near Gay, Michigan. Master’s Thesis. Michigan
Technological University.

7. U.S. Department of Health and Human Services (1998). Health Consultation, Torch
Lake.

8. Cusack, C.C. and Mihelcic, J.R., 1999. Sediment toxicity from copper in the Torch Lake
(MI) Great Lakes area of concern. Journal of Great Lakes Research, 25(4), pp.735-743.

9. Cotton. T. (2019) EPA awards Michigan $3.7M for stamp sands cleanup [WWW
Document], Waste Today. URL https://www.wastetodaymagazine.com/article/epa-
michigan-stamp-sands-removal/ (accessed 8.21.19).

10. Bennett, A.A. (1919). US Patent. US1310520A. Cement composition. Office, U.S.P.,
1919. Official Gazette of the United States Patent Office. U.S. Patent Office.

11. Wurmlinger, D., 2018. A new use for Stamp Sand? ABC 10/CW 5. URL
https://abc10up.com/2018/08/14/a-new-use-for-stamp-sand/ (accessed 8.21.19).

12. EPA. 2008. Minerals Recovery of Copper Stamp Sand on Lake Superior Coastline for
Use as Raw Material in the Manufacture of Roofing Shingles | Research Project Database
| Grantee Research Project | ORD | US EPA [WWW Document], n.d. URL
https://cfpub.epa.gov/ncer_abstracts/index.cfm/fuseaction/display.abstractDetail/abstract/
8754 (accessed 8.21.19).

https://doi.org/10.1016/j.susmat.2020.e00169
https://doi.org/10.1016/S0380-1330(02)70583-2
https://spatial.mtri.org/stampsands/
https://cfpub.epa.gov/ncer_abstracts/index.cfm/fuseaction/display.abstractDetail/abstract/8754
https://cfpub.epa.gov/ncer_abstracts/index.cfm/fuseaction/display.abstractDetail/abstract/8754


13. Kantamneni, A., Winkler, R., Gauchia, L. and Pearce, J.M., 2016. Emerging economic
viability of grid defection in a northern climate using solar hybrid systems. Energy
Policy, 95, pp.378-389.

14. Gregory, M.R. and Andrady, A.L., 2003. Plastics in the marine environment. Plastics and
the Environment, 379, pp.389-90.

15. Sheavly, S.B. and Register, K.M., 2007. Marine debris & plastics: environmental
concerns, sources, impacts and solutions. Journal of Polymers and the Environment,
15(4), pp.301-305.

16. Jambeck, J.R., Geyer, R., Wilcox, C., Siegler, T.R., Perryman, M., Andrady, A.,
Narayan, R. and Law, K.L., 2015. Plastic waste inputs from land into the ocean. Science,
347(6223), pp.768-771.

17. Zbyszewski, M. and Corcoran, P.L., 2011. Distribution and degradation of fresh water
plastic particles along the beaches of Lake Huron, Canada. Water, Air, & Soil Pollution,
220(1-4), pp.365-372.

18. Hendrickson, E., Minor, E.C. and Schreiner, K., 2018. Microplastic abundance and
composition in western Lake Superior as determined via microscopy, Pyr-GC/MS, and
FTIR. Environmental science & technology, 52(4), pp.1787-1796.

19. Gorman, M. (1993) Environmental Hazards––Marine Pollution ABC-CLIO Inc, Santa
Barbara.

20. UNESCO, (1994). Marine Debris: Solid Waste Management Action Plan for the Wider
Caribbean. IOC Technical Series 41, Paris.

21. Parker, L. (2018). We Depend On Plastic. Now, We’re Drowning in It. National
Geographic [WWW Document], URL
https://www.nationalgeographic.com/magazine/2018/06/plastic-planet-waste-pollution-
trash-crisis/ (accessed 8.21.19).

22. Breulmann, M., 2003. Synthesis, Properties and Applications of
Acrylonitrile±Styrene±Acrylate Polymers. Modern Styrenic Polymers: Polystyrenes and
Styrenic Copolymers, p.341.

23. Massey, L.K., 2006. The Effect of UV Light and Weather: On Plastics and Elastomers.
William Andrew.

24. Plastic Molded Concepts Inc. (2019) [WWW Document] URL.
https://www.pmcplastics.com/materials/asa-resin/

25. Heikkinen, I.T., Kauppinen, C., Liu, Z., Asikainen, S.M., Spoljaric, S., Seppälä, J.V.,
Savin, H. and Pearce, J.M., 2018. Chemical compatibility of fused filament fabrication-
based 3-D printed components with solutions commonly used in semiconductor wet
processing. Additive Manufacturing, 23, pp.99-107.

26. Shonnard, D.R., Tipaldo, E., Thompson, V., Pearce, J.M., Caneba, G.T. and Handler, R.,
2019. Systems analysis for PET and olefin polymers in a circular economy. Procedia
CIRP, 80, p.602.

27. Zhong, S. and Pearce, J.M., 2018. Tightening the loop on the circular economy: Coupled
distributed recycling and manufacturing with recyclebot and RepRap 3-D printing.
Resources, Conservation and Recycling, 128, pp.48-58.

https://doi.org/10.1016/j.susmat.2020.e00169
https://www.pmcplastics.com/materials/asa-resin/


28. Woern, A.L.; McCaslin, J.R.; Pringle, A.M.; Pearce, J.M. RepRapable Recyclebot: Open
source 3-D printable extruder for converting plastic to 3-D printing filament. HardwareX
2018, 4, e00026, doi:10.1016/j.ohx.2018.e00026.

29. Cruz Sanchez, F.; Lanza, S.; Boudaoud, H.; Hoppe, S.; Camargo, M. Polymer Recycling
and Additive Manufacturing in an Open Source context: Optimization of processes and
methods. In 2015 Annual International Solid Freeform Fabrication Symposium-An
Additive Manufacturing Conference, Austin, TX, USA, 2015; pp. 10–12.

30. Cruz Sanchez, F.A.; Boudaoud, H.; Hoppe, S.; Camargo, M. Polymer recycling in an
open-source additive manufacturing context: Mechanical issues. Add. Manuf. 2017, 17,
87–105.

31. Anderson, I. Mechanical Properties of Specimens 3D Printed with Virgin and Recycled
Polylactic Acid. 3D Print. Add. Manuf. 2017, 4, 110–115, doi:10.1089/3dp.2016.0054.

32. Pakkanen, J.; Manfredi, D.; Minetola, P.; Iuliano, L. About the Use of Recycled or
Biodegradable Filaments for Sustainability of 3D Printing. In Sustainable Design and
Manufacturing, Smart Innovation, Systems and Technologies; Springer, Cham,
Switzerland, 2017; pp. 776–785.

33. Woern, A.; Byard, D.; Oakley, R.; Fiedler, M.; Snabes, S.; Pearce, J.; Woern, A.L.;
Byard, D.J.; Oakley, R.B.; Fiedler, M.J.; Snabes, S.L.; Pearce, J.M. Fused Particle
Fabrication 3-D Printing: Recycled Materials’ Optimization and Mechanical Properties.
Materials 2018, 11, 1413, doi:10.3390/ma11081413.

34. Mohammed, M.I.; Mohan, M.; Das, A.; Johnson, M.D.; Badwal, P.S.; McLean, D.;
Gibson, I. A low carbon footprint approach to the reconstitution of plastics into 3D-
printer filament for enhanced waste reduction. KnE Eng. 2017, 2, 234–241.

35. Mohammed, M.I.; Das, A.; Gomez-Kervin, E.; Wilson, D.; Gibson, I. EcoPrinting:
Investigating the use of 100% recycled Acrylonitrile Butadiene Styrene (ABS) for
Additive Manufacturing. Solid Freeform Fabrication 2017. In Proceedings of the 28th
Annual International Solid Freeform Fabrication Symposium, Austin Texas, USA August
7-9,2017.

36. Mohammed, M.I., Wilson, D., Gomez-Kervin, E., Vidler, C., Rosson, L. and Long, J.,
2018. The recycling of E-Waste ABS plastics by melt extrusion and 3D printing using
solar powered devices as a transformative tool for humanitarian aid. Available online:
Sffsymposium. engr. utexas. edu/sites/default/files/2018/007%
20TheRecyclingofEWasteABSPlasticsbyMeltExtr. pdf (accessed on 19 April 2019).

37. Byard, D.J.; Woern, A.L.; Oakley, R.B.; Fiedler, M.J.; Snabes, S.L; Pearce, J.M. Green
Fab Lab Applications of Large-Area Waste Polymer-based Additive Manufacturing
Additive Manufacturing 2019, 27, 515-525.

38. Baechler, C.; DeVuono, M.; Pearce, J.M. Distributed recycling of waste polymer into
RepRap feedstock. Rapid Prototyp. J. 2013, 19, 118–125,
doi:10.1108/13552541311302978.

https://doi.org/10.1016/j.susmat.2020.e00169


39. Chong, S.; Pan, G.-T.; Khalid, M.; Yang, T.C.-K.; Hung, S.-T.; Huang, C.-M. Physical
Characterization and Pre-assessment of Recycled High-Density Polyethylene as 3D
Printing Material. J. Polym. Environ. 2017, 25, 136–145, doi:10.1007/s10924-016-0793-
4.

40. Pepi, M.; Zander, N.; Gillan, M. Towards Expeditionary Battlefield Manufacturing Using
Recycled, Reclaimed, and Scrap Materials. JOM 2018, 70, 2359–2364,
doi:10.1007/s11837-018-3040-8.

41. Zander, N.E.; Gillan, M.; Lambeth, R.H. Recycled polyethylene terephthalate as a new
FFF feedstock material. Additive Manufacturing 2018, 21, 174-182,
doi:10.1016/j.addma.2018.03.007.

42. Hart, K.R.; Frketic, J.B.; Brown, J.R. Recycling meal-ready-to-eat (MRE) pouches into
polymer filament for material extrusion additive manufacturing. Additive Manufacturing
2018, 21, 536–543, doi:10.1016/j.addma.2018.04.011.

43. Reich, M.J.; Woern, A.L.; Tanikella, N.G.; Pearce, J.M. Mechanical Properties and
Applications of Recycled Polycarbonate Particle Material Extrusion-Based Additive
Manufacturing. Materials 2019, 12, 1642.

44. Woern, A. L.; Pearce, J. M. Distributed Manufacturing of Flexible Products: Technical
Feasibility and Economic Viability. Technologies 2017, 5, 71,
doi:10.3390/technologies5040071.

45. Pringle, A.M.; Rudnicki, M.; Pearce, J. Wood Furniture Waste-Based Recycled 3-D
Printing Filament. For. Prod. J. doi:10.13073/FPJ-D-17-00042.

46. Zander, N.E. Recycled Polymer Feedstocks for Material Extrusion Additive
Manufacturing. In Polymer-Based Additive Manufacturing: Recent Developments; ACS
Symposium Series; American Chemical Society, 2019; Vol. 1315, pp. 37–51 ISBN 978-
0-8412-3426-0.

47. Zander, N.E., Park, J.H., Boelter, Z.R. and Gillan, M.A., 2019. Recycled Cellulose
Polypropylene Composite Feedstocks for Material Extrusion Additive Manufacturing.
ACS Omega. https://pubs.acs.org/doi/full/10.1021/acsomega.9b01564

48. Samantha C. Dertinger, S.C., Gallup, N., Tanikella, N.G.. Grasso, M. Vahid, S., Foot,
P.J.S., Pearce, J.M. Technical Pathways for Distributed Recycling of Polymer
Composites for Distributed Manufacturing: Windshield Wiper Blades (to be published)

49. Woern, A. and Pearce, J., 2018. 3-D printable polymer pelletizer chopper for fused
granular fabrication-based additive manufacturing. Inventions, 3(4), p.78.

50. ASTM D638-14 Type IV Tensile Bars - horizontal and vertical by jpearce - Thingiverse
Available online: https://www.thingiverse.com/thing:2879550

51. Ravindran, A., Scsavnicki, S., Nelson, W., Gorecki, P., Oberloier, S., Meyer, T.K.,
Barnard, A.R. and Pearce, J.M., 2019. Open Source Waste Plastic Granulator.
Technologies 2019, 7(4), 74; https://doi.org/10.3390/technologies7040074

52. Rodríguez, J.F., Thomas, J.P. and Renaud, J.E., 2001. Mechanical behavior of
acrylonitrile butadiene styrene (ABS) fused deposition materials. Experimental
investigation. Rapid prototyping journal, 7(3), pp.148-158.

https://doi.org/10.1016/j.susmat.2020.e00169
https://pubs.acs.org/doi/full/10.1021/acsomega.9b01564


53. Ahn, S.H., Montero, M., Odell, D., Roundy, S. and Wright, P.K., 2002. Anisotropic
material properties of fused deposition modeling ABS. Rapid prototyping journal, 8(4),
pp.248-257.

54. Tymrak, B.M., Kreiger, M. and Pearce, J.M., 2014. Mechanical properties of components
fabricated with open-source 3-D printers under realistic environmental conditions.
Materials & Design, 58, pp.242-246.

55. Tanikella, N.G., Wittbrodt, B. and Pearce, J.M., 2017. Tensile strength of commercial
polymer materials for fused filament fabrication 3D printing. Additive Manufacturing, 15,
pp.40-47.

56. Ozcelik, B., Ozbay, A. and Demirbas, E., 2010. Influence of injection parameters and
mold materials on mechanical properties of ABS in plastic injection molding.
International Communications in Heat and Mass Transfer, 37(9), pp.1359-1365.

57. Additive Manufacturing Market to 2027 - Global Analysis and Forecasts by Material;
Technology; and End-User Available online:
https://www.reportbuyer.com/product/5751917/additive-manufacturing-market-to-2027-
global-analysis-and-forecasts-by-material-technology-and-end-user.html (accessed on
Aug 22, 2019).

58. The global additive manufacturing market accounts for $ 9.3 billion in 2018. 3Dnatives
2018.

59. 3D Printed Car Close-up Look , Mouser’s Strati @ Westec 2017 · Local Motors, n.d. .
Local Motors. URL https://localmotors.com/press-release/3d-printed-car-close-up-look-
mousers-strati-westec-2017/ (accessed 12.12.19).

60. Local Motors Strati is the world’s first 3D-printed car [WWW Document], n.d. URL
https://www.redbull.com/us-en/local-motors-strati-is-the-worlds-first-3d-printed-car
(accessed 12.12.19).

61. Hill, A.J., Thermal degradation of Acrylonitrile–butadiene–styrene (ABS) blends.
62. Adams, M.E., Buckley, D.J. and Colborn, R.E., 1993. Acrylonitrile-butadiene-styrene

polymers (Vol. 70). iSmithers Rapra Publishing.
63. Kulich, D.M. and Gaggar, S.K., 1993. Weathering of acrylonitrile-butadiene-styrene

plastics: compositional effects on impact and color. Polymer durability: degradation,
stabilization, and lifetime prediction, pp.483-501.

64. Searle, N.D., Maecker, N.L. and Crewdson, L.F.E., 1989. Wavelength sensitivity of
acrylonitrile–butadiene–styrene. Journal of Polymer Science Part A: Polymer Chemistry,
27(4), pp.1341-1357.

65. Santos, R.M., Botelho, G.L., Cramez, C. and Machado, A.V., 2013. Outdoor and
accelerated weathering of acrylonitrile-butadiene-styrene: A correlation study. Polymer
degradation and stability, 98(10), pp.2111-2115.

66. Bengt G.. Rånby and Rabek, J.F., 1975. Photodegradation, photo-oxidation, and
photostabilization of polymers: principles and applications. John Wiley & Sons..

67. Santos, R.M., Pimenta, A., Botelho, G. and Machado, A.V., 2013. Influence of the testing
conditions on the efficiency and durability of stabilizers against ABS photo-oxidation.
Polymer Testing, 32(1), pp.78-85.

68. Ang-Olson, J. and Schroeer, W., 2002. Energy efficiency strategies for freight trucking:
potential impact on fuel use and greenhouse gas emissions. Transportation Research
Record, 1815(1), pp.11-18.

https://doi.org/10.1016/j.susmat.2020.e00169


69. Breulmann, M., 2003. Synthesis, Properties and Applications of
Acrylonitrile±Styrene±Acrylate Polymers. Modern Styrenic Polymers: Polystyrenes and
Styrenic Copolymers, p.341.

70. Rimdusit, S., Wongmanit, P., Damrongsakkul, S., Saramas, D., Jubsilp, C. and
Dueramae, I., 2014. Characterizations of Poly (vinyl chloride)/Acrylonitrile Styrene
Acrylate Blends for Outdoor Applications. Engineering Journal, 18(1), pp.105-118.

https://doi.org/10.1016/j.susmat.2020.e00169



