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ABSTRACT: Additive manufacturing technology has been rapidly developed and increasingly 
popular nowadays; its applications spread to almost every corner in our lives. However, when 
printing products with overhangs, support structures are often needed, resulting in extended build 
time, post-processing and material waste. Numerous papers have been published on reducing 
support structure consumption, thus minimizing the cost and manufacture time. However, there are 
still no benchmarking examples and criteria in the literature for support structure comparison, 
resulting in hard to distinguish which method is better than another, especially in the situation that 
they use different standards and geometries for their research. In this paper, a specific part is 
proposed as a standard geometry, all research with regard to support structure can compare the 
results based on this benchmarking part. Line and concentric support methods from Cura 2.6.2 
based on an Original Prusa i3 MK2 printer are tested and demonstrated in this paper by using this 
benchmarking part. 
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INTRODUCTION 
 
Additive manufacturing, also known as 3D printing, direct digital manufacturing and solid 
freeform f
joining materials to make parts from 3D model data, usually layer upon layer, as opposed to 

(ASTM, 2012). 3D 

its distinctive manufacturing method (Berman, 2012). The origins of additive manufacturing can 
be traced back to the 1980s, wherein a series of technologies were developed that were able to 
construct a three dimensional object directly from a suitably formatted data file in a layer by layer 
fashion (Wohlers and Gornet, 2011). The primary market for these technologies was in the 
production of models and prototypes to enable better visualization of designs and to see how the 
designed part would interact with pre-existing parts. As the use of such technologies reduced the 
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As stated above, an additive manufacturing process joins material together in a layer by layer 
fashion. This can lead to issues when a new layer has a footprint different to the previous layer, as 
is likely to be encountered in the complex geometries that additive manufacturing is best suited 
for. Some of the issues that may be encountered are shown schematically in Figure 1. 
Figure 1(a) is an example of an overhang structure that would require extra support structure to 
prevent th 1(b) is an example of 
a hollow structure, which may require support material to prevent collapse during manufacture. 

1(c) is similar to an overhang structure that, while contiguous 
once fabricated, has a feature that must initially be printed untethered from the previously built 
structure. As the complexity of the printed parts increase, the likelihood of encountering a 
multitude of these features in a component increases as well. This means that to enable additive 
manufacture of complex components, a support structure of some kind is necessary, which needs 
to be removed from the part to form the final component. 

 
Fig.1. Examples that need support for 3D printing 

 
However, support structures will introduce some new challenges. The main disadvantages of 
support structure are illustrated as follows: 

1) The requirement of manually removing the support from the part constrains the geometric 
freedom of the part as there needs to be hand/tool access. 

2) Support structure materials mean the wasted materials as most of them are not reusable and 
have to be discarded after removal.  

3) When adding support structure to a part, the print time will be longer as support structure 
also needs to be printed.  

4) Support structure may be detrimental to the surface finish when the structure is removed. 
 

For overcoming these drawbacks, a lot of research on support structures for 3D printing has been 
carried out (Jiang et al., 2018). Most of them focus on reducing the print time, support materials 
used and post-processing by altering/optimizing support. One trial is to create support structures 
by printing supports with different materials which are soluble or sacrificial in some way. This 
means when printing a part, use the part material to print the final part while using another cheaper 
sacrificial material to print the support, thus reducing the cost. Hopkins et al. (2012) proposed a 
support material containing the first copolymer and the polymeric impact modifier. The new 
support material can effectively resist cracking or breaking, and can be removed easily and quickly 
as well. In an alkaline aqueous solution, the material can be dissolved rapidly. In the study of 
Pekkanen (2017), charged poly(ether ester)s with tailored rheological and mechanical properties 
were researched as novel materials for extrusion-based AM at low temperatures. Hildreth et al. 
(2016) are the first who tried to use sacrificial materials as supports for metallic components in 
directed energy deposition. Mumtaz et al. (2011) adopted ASLM method to manufacture eutectic 
alloys parts without support structures. Recently, Lefky et.al. (2017), for the first time, brought 
dissolvable supports in powder bed based metal printers that are limited to single-material builds.  
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Seeking better structures such as cellular and lattice structures means printing support structures 
 low 

volume fraction, which provides opportunities to reduce the volume of support materials and allow 
for easy removal of raw powders as well as build time. Hussein, et al. (2011) explored the 
potential of using cellular structures as support of metallic parts based on Selective Laser Melting 
(SLM). They conducted some preliminary experiments to validate their method. Despite this, due 
to high thermal gradients involved in the phase transformation process, thermal stresses and 
distortion of the part occurs. According to their preliminary results, they further did more research 
(Hussein et al., 2013). Two types of lattice structure (diamond and gyroid) have been investigated 
for their suitability as support structures, the results show that material and build time can be 
reduced successfully while fulfilling the structural demands. However, the low % of volume 
fraction of cellular structure may be too fragile to be consistently manufactured with SLM process. 
Vaidya and Anand (2016) t path algorithm (Dijkstra, 1959) to generate 
cellular support structures which can minimize the support volume. They use ANASYS to prove 
their methods are capable of handling the load of the part. Their case studies show that there is a 
substantial decrease in support volume, sintered area and support contact area when compared 
with a fully solid support, with consideration accessibility of supports for post-processing. 
 
Among all these new methods or materials for support of 3D printing, the goal is always 
manufacturing better products and minimizing the cost. However, the experimental evaluation of 

support generation settings for a particular 3D printing technique and the new method of support 
generation. This has typically taken the form of looking at the savings in terms of time and amount 
of material used. Such an approach unfortunately makes it difficult to compare different support 
generation techniques to each other due to the lack of standardization in both the model that is 
used to test the efficacy of support generation and the method of quantification. Within the 
published literature, each support method has not provided the explicit resolution of its printed 
products, though the support material usage was available. The comparison in a certain paper 
between the mentioned support methods in that paper may be acceptable. For example, Shen et al. 
(2016) proposed a bridge support structure generation algorithm which can save an average of 
about 15.19% of printing and about 24.41% of time, compared with vertical support structure. 
However, the studies of their methods are unable to be compared with others as they based on 
different 3D models and did not mention about the resolution or criteria for comparing. 
 
Since there are no benchmarking examples in the literature for support comparison, a criterion is 
quite necessary to evaluate efficacy of different support methods and a benchmarking part is 
needed for evaluating and comparing support structures of AM. In this paper, a specific part is 
proposed as a standard geometry, all research with regard to support structure can compare the 
results based on this benchmarking part. In addition, Line and concentric support methods from 
Cura 2.6.2 based on an Original Prusa i3 MK2 printer are tested and demonstrated in this paper by 
using this benchmarking part. 
 
GEOMETRY OF THE BENCHMARKING PART 
 
As the aim of the benchmarking part is for comparing different support structure methods, the 
geometry of the part is supposed to have all the possible support situations. Specifically, 

1) All possible support situations should be included in a single model. First, the possible 
overhang angle sizes should be included as many as possible. This can be achieved by using one-
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fourth of a circle which include every possible angle from 0º to 90°. At the same time, both two 
possible support sides should be considered as shown in area a in Figure 1. This could also help 
test the roundness of the final result as a function of support. 

2) Flat point characteristics should be included with the main angle sizes (10°, 50°, 90°, 130° 
and 170° are included in this benchmarking part) as shown in Figure 1. This can help test how well 
different support methods are able to support this type of feature. 

3) The bases (bottom contact area) of support structure that support structures rely on should 
be tested as well. This can help inspect whether a support method is able to support overhangs well 
enough based on different-angle surface as shown in area b in Figure 1. This can also tell the 
influence on base surface quality after removing the support in different support methods.  

 

 
Figure 1. 2D sketch of the standardized model (unit: mm) 

 

 
Figure 2. 3D view of the standardized model 

 
Based on the illustration above, the benchmarking part is designed as shown in Figures 1 and 2 
(with dimensions in Figure 1). The features with corresponding functions are listed in Table 1. 
 

Table 1. Features of benchmarking part with corresponding functions 
Features Functions 

1: Flat supported surface Finished surface quality (roughness); flatness; deformation. 
2: Round supported surface Finished surface quality (roughness); roundness; deformation. 

3: Round support base surface Finished surface quality (roughness); roundness; deformation. 
4: Flat support base surface Finished surface quality (roughness); flatness; deformation. 
5: Flat point characteristic Accuracy (angle); deformation. 

 
DEMONSTRATION AND DISCUSSION 
 
For telling the efficiency of different support methods, there should be some main features that 
need to be compared. Firstly, the finish surface quality is important as surface quality should 
satisfy the requirement of the printed object. For achieving this, features of 1, 2, 3 and 4 in Figure 
2 can be observed after removing the support as the standard geometrical features for comparison. 
Secondly, the shape of printed part is supposed to be the same as the original digital 3D model, i.e. 
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no collapse, warp or deformation, all the features (1, 2, 3, 4 and 5) in Figure 2 can be observed and 
measured after removing the supports for testing the accuracy. Lastly, some special characteristics 
should also be tested in the benchmarking part, e.g. flatness (features 1 and 4 in Figure 2), 
roundness (features 2 and 3 in Figure 2) and points (feature 5 in Figure 2). 
 
For preliminarily testing this benchmarking part, experiments are carried out on an Original Prusa 
i3 MK2 printer with line and concentric support methods provided by Cura 2.6.2. The material 
used for fabrication is Polylactic Acid (PLA). The printed benchmarking parts after removing 
supports is shown in Figure 3. As can be seen from this figure, the surface quality looks not good 
enough. The exact average surface roughness and other features are displayed in Table 2. All these 
values measured are based on image analysis. The photos are taken after removing the supports 
and then analyzed in Matlab. In the future, all different support methods can be compared by these 
features in using this benchmarking part. 
 

 
Figure 3. Printed benchmarking parts after removing supports; (a) Line support method; (b) 

Concentric support method. 
 

Table 2. Measurement results of printed benchmarking parts 
Features Values (Line support) Values (Concentric support) 

Average surface roughness of 
features 1, 2, 3, 4 

0.75mm 0.74mm 

Average deformation of flat 
features (1, 4) 

0.26mm 0.23mm 

Average roundness of features 
2 and 3 

0.24mm 0.21mm 

Actual printed angle sizes of 
feature 5 

10.3°, 50.5°, 90.5°, 131.2° and 
174.6°, respectively 

10.2°, 50.3°, 90.1°, 130.9° 
and 173.7°, respectively 

Total support consumption 12.1 gram 14.9gram 
Total time used for printing 

this part 
12540 seconds 13080 seconds 

 
As can be seen from this table, the printed qualities of concentric support method (surface 
roughness, deformation, roundness and angle accuracy) are all better than those of line support. 
However, it requires more print time and support material consumption than line support method. 
There should be a trade-off between these two support strategies, depending on the requirements 
of finished products and customers. For example, once a customer cares much on the surface 
quality or some features, these features should be within the requirements at the first place, then 
choosing the support method that consumes the least material.  
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In this paper, a benchmarking part geometry is proposed for comparing different support strategies 
in terms of efficiency, quality, and support consumption. This benchmarking part has five features 
as shown in Table 1 with specific functions. All these features are good enough to test the quality 
of various support methods. The rules for comparing different support methods based on this 
benchmarking part are illustrated in the discussion section. In the future, all new support methods 
can use this part as their basic model. Therefore, different support strategies will be able to be 
compared with each other as they use the same benchmarking part. For the next step, more 
experimental tests based on this benchmarking part in different support strategies will be carried 
out for comparison. 
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