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Investigating Methods of Prototyping with ABS
Ben Chapman, Shivam Desai, Mark Muraoka, Teodora Vidolova

Abstract

In this comparative study of the mechanical properties of plastic parts produced by three manufacturing methods, we performed
uniaxial tension tests on Injection Molded, Subtractively Machined, and 3D Printed test samples made from ABS plastic. We
also compared 3D printed test samples created by printing in two different orientations, with two different fill densities, and an
application of, and lack of, acetone vapor surface treatment. We found that the subtractive machined samples had the highest strength
and toughness overall. The injection molded samples did not perform as well in strength or toughness due to air bubbles embedded
in the plastic, but they did have the highest modulus of elasticity. Samples 3D printed in the vertical orientation had a higher
modulus of elasticity, but lower strength and toughness when compared to samples printed in the horizontal orientation. Treating
the 3D printed samples with acetone vapor gave them a smooth surface finish and increased the toughness by 50% to 100% with
only slight losses in tensile strength.

I. INTRODUCTION

The team was interested in exploring the differences in mechanical properties resulting in different manufacturing processes
such as injection molding, subtractive machining, and 3D printing; therefore, it made sense to focus on acrylonitrile butadiene
styrene (ABS). ABS is a strong, durable thermoplastic, suitable for injection molding, extruding, and especially 3D printing. A
material’s ability to print accurately and fuse fully determines its suitability for 3D printing. ABS’s “glass transition temperature
is high enough to reduce unwanted deformation at slightly elevated temperatures, but low enough to be safely attainable with
standard extrusion setups” [1].

II. MANUFACTURING METHODS

When manufacturing parts from ABS plastic, many different methods are possible. There are pros and cons to each, but we
wanted to compare the mechanical properties of the parts produced through different processes. We made reduced cross-section
“dogbone” samples by injection molding from ABS pellets, subtractive machining from a solid block of ABS, and 3D printing
from a spool of ABS filament.

A. Injection Molding
Injection molding is the most common manufacturing process for large-scale, industrial production valued for being fast,

inexpensive, and capable of forming complex shapes. The largest cost in time, effort, and resources lie in the creation of the
mold for a particular shape; however, once the mold is made, a part can be produced quickly and easily thousands of times.
Injection molding is generally not applicable for prototyping purposes. It may also not be ideal for products that require high
strength or precise tolerances. The process involves melting ABS pellets and injecting them into an aluminum mold under
considerable heat and pressure. A diagram of the machine can be seen in Fig. 1. The injection and heating process took less
than one minute on the Olin injection molding machine.

B. Subtractive Machining
Subtractive machining is the process of taking solid, stock plastic and removing excess material by machining. In our

experiments we used a water jet machine to cut a dogbone out of a sheet of ABS produced by extrusion. Subtractive machining
may be the process most appropriate for high tolerances and strength due to the lack of defects in the stock material. Furthermore,
it is appropriate for prototyping as it has a relatively low initial cost. It would not be appropriate for large scale production due
to large cost in operator time and effort per part.

C. 3D Printing
3D Printing is a newer manufacturing technology, primarily used for prototyping. It requires very little setup time since no

molds or custom tools are needed. The most common 3D printers use a technique called Fused Deposition Modeling (FDM) for
building parts layer by layer. A 2mm diameter filament is fed into a heating chamber where it is melted and forced out through
a 0.4mm diameter nozzle, onto the build platform. The nozzle follows a computer-controlled path, building up the part from
layers of small strands fused together as shown in Fig. 2. The resulting part is not completely solid, but is a matrix of fused
filaments.

These authors are undergraduates at Olin College of Engineering and contributed equally to this work. Ben.Chapman4@gmail.com, Shivam@students.olin.edu,
Mark.Muraoka@students.olin.edu, VTeodora7@gmail.com



2

Fig. 1: An illustration of an injection molding machine. The plastic granules are melted and injected into a clamped mold.

Fig. 2: An example of a part being printed on an FDM Printer. The filament flows through the heated nozzle and the ABS fuses
to create the final part.



3

1) Orientation: Considering that 3D printed parts consist of filaments, the material is anisotropic. It is much weaker on the
planes parallel to the layers than in other directions. For example, a shaft printed in a vertical orientation with many small round
layers would be easy to snap, but the same part printed in a horizontal orientation with a few long layers would significantly
less brittle. We tested samples printed in both orientations for our comparisons.

2) Print Density: 3D Printers can either print “solid” parts, where the volume is completely filled with layers of plastic, or
“sparse” parts, where the outer surface of the part is solid but the interior is filled with a low-density honeycomb-like matrix.
Sparse printing allows for increased speed and reduced usage of plastic for large parts. We tested samples printed in both densities
for our comparisons.

Fig. 3: A smooth surface finish can be achieved using the acetone vapor surface treatment [2].

3) Surface Treatment: Hobbyists have discovered that 3D printed parts can be given a smooth, shiny surface finish by immersing
them in acetone vapor after printing, shown in Fig. 3. To do this, the part is hung inside a jar that contains a small amount of
liquid acetone. The jar is then heated in order for the acetone to vaporize [3]. The use of acetone vapor over liquid acetone ensures
a very consistent surface. The process achieves the smooth surface finish by softening the outer layer of plastic as the acetone
breaks the secondary bonds between the ABS polymer chains. This allows chains to slide past each other and move to more
stable positions. Surface tension in the liquid-like plastic layer polishes the surface texture, especially the small crevices between
each successive layer. When the acetone evaporates, the plastic returns to its original hardness, but now has a well-bonded,
continuous layer on the outer surface. We predicted that surface treatment with acetone vapor would increase the toughness of
parts by improving the bonding between each of the layers.

III. TESTING

Once all of our samples had been created, we performed a uniaxial tension test on each of them using the Instron. Using a
specified tension testing protocol file, we normalized the results over the differences in the cross-sectional areas and lengths of
each sample. All tests were performed at an extension of 5 mm/min, except the solid, vertically 3D-printed samples, which were
pulled at an extension rate of 1 mm/min.

A. Injection Molding
The injection molded samples all fractured at locations of bubbles within the plastic introduced during the injection molding

process. Most of the samples had many bubbles, marked by white stress lines during the tension test. The sample with the highest
strength had the smallest bubble at the fracture point. It is likely that with highly controlled molding processes large bubbles
could generally be avoided, but some small bubbles will always exist. An SEM image of the fracture point can be seen in Fig.
4 and the raw results can be viewed in Fig. 12 and Fig. 14 in Sec. VI.
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B. Subtractive Machining
The subtractive machined samples had no bubbles and the fracture surfaces were relatively smooth, indicating a lack of defects.

Fracture lines generally pointed to one of the surfaces cut by the abrasive water jet. This machining method may still have created
small stress concentrations since the surface was not perfectly smooth. An SEM image of the fracture point can be seen in Fig.
5 and the raw results can be viewed in Fig. 12 and Fig. 15 in Sec. VI.

Fig. 4: An SEM image of the fracture surface of an injection
molded dogbone, which broke at a bubble. The bubble appears
metallic in the image after being silver sputter coated.

Fig. 5: An SEM image of the fracture surface of a subtractive
machined dogbone. The major fractures originate at the edges,
very likely due to the abrasive cutting technique of the waterjet.
The dogbone is relatively smooth with fewer harsh fracture lines
on the inside, testifying to the relative lack of defects in the stock
plastic.

C. 3D Printing
A few of the 3D printed samples were not able to be tested; we learned that we should wait for roughly one day for the

acetone to evaporate from within the treated samples. One particular sample was left in the acetone environment for too long
and its surface became covered in blister-like bubbles of plastic.

As shown in Fig. 6 and Fig. 7, the sample without acetone treatment fractures filament by filament. There are very few crack
propagation marks that cross filament boundaries. This indicates that the filaments are weakly bonded together instead of acting
as a continuous piece of material. In comparison, the outer surface of the acetone sample has bonded into a continuous piece
and crack propagation lines cross many filaments. The effect of the acetone is only visible on the perimeter filaments, indicating
that the interior of the sample remains unchanged. The treatment process technically weakens the outer material by softening it,
but the overall strength of the part increases due to the elimination of stress concentrations.

The raw results of the 3D printed tests can be viewed in Fig. 12. In particular, a comparison between the use of the acetone
surface treatment can be seen in Fig. 16, Fig. 17, and Fig. 18 for horizontal sparse (Fig. 19, Fig. 20), horizontal solid (Fig. 21,
Fig. 22), and vertical solid parts (Fig. 23, Fig. 24) respectively in Sec. VI.

IV. RESULTS

From Fig. 8 and Fig. 9, we can see a comparison of the average strain and average stress for the eight prototyping methods.
We observed that the acetone surface treatment method overall increases the average tensile strain, and decreases the average
tensile stress by a small amount. This makes sense considering that the surface treatment method fuses the multiple strips of
ABS on the edges of the dogbone (Fig. 6 and 7) into one smooth surface, causing an increase in maximum elongation and
decrease in maximum strength. It is also interesting to note that the sparse printed parts have a higher average tensile strain than
the solid printed parts without acetone treatment. This is likely due to the fact that the filaments have more volume to stretch
and elongate in sparse printed parts compared to solid printed parts.

In Fig. 10 we can see a comparison of the stress-strain curves between each of the prototyping methods. Overall, we can
observe that the acetone vapor surface treatments increase the tensile strain of the final part significantly, and decreases the
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Fig. 6: SEM image of the fracture surface of 3D printed sample
without acetone vapor treatment. The texture at the surface leads
to stress concentrations.

Fig. 7: SEM image of the fracture surface of 3D printed sample
after acetone vapor treatment. The surface of the sample is now
smooth and the outer layer of filaments is uniformly bonded
together.

Fig. 8: A comparison of the average tensile strain between each of the eight prototyping methods investigated.



6

Fig. 9: A comparison of the average tensile stress between each of the eight prototyping methods investigated.

Fig. 10: A comparison of the stress-strain curves between each of the eight prototyping methods investigated. For this comparison,
one sample was selected from each of the tests.
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tensile stress of the part minimally. We can use these curves to determine the toughness of the materials by calculating the area
under the curves.

Fig. 11: A comparison of the material’s toughness (MPa) between each of the eight prototyping methods investigated. Toughness
was determined by integrating the stress-strain curve for the particular material. We see that the acetone post-treatment process
increases the toughness of the parts significantly. We also observe that parts printed in a horizontal orientation are much stronger
than parts constructed in a vertical orientation.

From Fig. 11 we can see a comparison of the toughness between each of the prototyping methods. It is clear that the acetone
vapor surface treatment increases the overall toughness of the part significantly when compared to the non-acetone treated parts.
It is also evident that the 3D printed parts with a horizontal orientation are considerably tougher that parts printed in a vertical
orientation, as expected.

V. CONCLUSIONS

The intent of this experiment was to develop a set of design guidelines that enable an individual to make efficient prototyping
and post-processing decisions based upon an initial understanding of part stress and manufacturing criteria.

Within the context of low volume production, 3D printing orientation and printing resolution are important criteria due to
their significance in determining the directional strength and cost of a part. In axial loading, parts printed with axially directed
strands have favorable tensile strength and strain, while transverse strands are chosen to maximize part stiffness.

Additionally, post-treatment with part exposure to acetone vapor greatly improved strain, toughness, and surface finish in
exchange for a small reduction in stiffness and tensile strength as a result of the melting and fusion of the ABS strands. It is
therefore worth noting that if strain or toughness are the most important criterion then superior parts in both respects can be
produced with both time and cost savings by reducing the 3D printing resolution and by acetone vapor surface treatment.

When moving to larger volumes, fabrication methods more suited for mass production must be considered. For maximum
strength, and toughness, pieces should be machined directly from solid ABS. While this can be costly, the strength and consistency
across each part is unparalleled. Injection molding, while inconsistent and unattainable at hobbyist or small shop volumes, is the
primary candidate for mass manufacturing and can provide pieces with the highest stiffness with industry-quality machines and
well-designed tooling.

While this experiment has laid out guidelines and provided example scenarios for each production method it is ultimately
the responsibility of the designer to understand the context of their parts and the trade-offs implicit in selecting their eventual
production method.
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VI. APPENDIX

Fig. 12: Raw data from all uniaxial tension tests performed on injection molded, subtractively machined, and 3D printed dogbone
parts.

http://en.wikipedia.org/wiki/Acrylonitrile_butadiene_styrene
http://hackaday.com/2013/02/26/giving-3d-printed-parts-a-shiny-smooth-finish/
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Fig. 13: A comparison of the Young’s Modulus between each of the eight prototyping methods investigated. We can clearly see
the small change between parts treated with acetone vapor and parts not post-treated.

Fig. 14: Stress vs. strain for injection molded samples from a uniaxial tension test
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Fig. 15: Stress vs. strain for water jet cut samples from a uniaxial tension test

Fig. 16: Stress vs. strain for 3D printed sparse horizontal samples from a uniaxial tension test
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Fig. 17: Stress vs. strain for all 3D printed solid horizontal samples from a uniaxial tension test

Fig. 18: Stress vs. strain for all 3D printed solid vertical samples from a uniaxial tension test
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Fig. 19: Stress vs. strain for 3D printed sparse horizontal samples with acetone post-treatment from a uniaxial tension test

Fig. 20: Stress vs. strain for 3D printed sparse horizontal samples without acetone post-treatment from a uniaxial tension test
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Fig. 21: Stress vs. strain for 3D printed solid horizontal samples with acetone post-treatment from a uniaxial tension test

Fig. 22: Stress vs. strain for 3D printed solid horizontal samples without acetone post-treatment from a uniaxial tension test
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Fig. 23: Stress vs. strain for 3D printed solid vertical samples with acetone post-treatment from a uniaxial tension test

Fig. 24: Stress vs. strain for 3D printed solid vertical samples without acetone post-treatment from a uniaxial tension test
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