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ABSTRACT 

In this investigation, the tensile properties of Polyethylene Terephthalate Glycol (PETG) 3D-printed 

dumbbells with differing internal infill structure were assessed to classify the necessary geometry for the 

optimisation of the functionality of a part. The test pieces were subjected to increasing uniaxial loads under 

tension to generate a stress-strain curve, and thereby data for the associated properties, for each specific 

infill pattern. Hence, a comparison between the strengths of the various patterns is drawn to identify brief 

criteria for the selection of the optimal infill structure in specific applications. It was found that the zig-zag 

infill pattern could take the greatest load without yielding under the application of a uniaxial tension. 

 

INTRODUCTION  

3D printing is a technology that is becoming increasingly more used in industry to manufacture functional 

parts, via an additive layer-by-layer deposition or curing of material1. This can be used to produce complex 

geometries but is limited in speed and mechanical performance. A compromise between speed and tensile 

properties is to include an infill structure on the interior of the part with a specific geometrical arrangement 

to improve performance in the desired function. The forthcoming section identifies such properties, 

discusses the methods for assessing the performance of the part in testing, and explores previous works 

regarding infill patterns. 

Material Characterisation 

Stress and Strain Relationship 
Uniaxial tension testing offers an effective method for the characterisation of the properties of a material 

when subjected to a uniform load2. This allows for the determination of mechanical attributes, including 

the yield strength, ultimate tensile strength, fracture strength, Young’s modulus (also referred to as modulus 

of elasticity)3; these respectively define the load after which a materials transitions from elastic to plastic 

deformation, the maximal stress achieved during the tension test, the point of material and structural 

failure4, and the factor of proportionality during elastic deformation under Hooke’s Law5. All of these 

factors are important considerations in the design of parts in Engineering and commercial products to 

ensure the required functionality of that object6. 

A standard geometry is typically applied to the tensile specimen for the purpose of experimentally 

determining the mechanical properties of a material – a “dog bone” dumbbell shape consisting of a single 

piece of that material with two shoulders and a thinner section linking them, as per Figure 3 and Figure 2. 

There are various standardised dumbbell dimensions for measuring tensile performance, with ASTM 

                                                      
1 (Bethany C Gross, 2014) 
2 (Khlystov, Lizardo, Matsushita, & Zheng, 2013) 
3 (Udomphol) 
4 (NDT Resource Center, n.d.) 
5 (Roylance, 2008) 
6 (Hosford, 1992) 



International offering D638 specifically for the analysis of polymers7 – D638 Type V is the smallest, most 

suitable size for the proposed research. 

The dimensions for such a piece, including tolerances, are as follows: 

Fixing the shoulders of the test piece, the tensile properties can be measured by applying an increasingly 

large uniaxial tensile load parallel to the length of the part, as per the force diagram in Figure 1. 

There are two key quantities to determine: stress and strain – both values are normalised with respect to 

the original dimensions of the test piece. Engineering strain gives the deformation of the material and is 

defined as: 

𝜀0 =
∆𝐿

𝐿0
 

Where ∆𝐿 is the measured displacement and 𝐿0 is the original length. Engineering stress is defined as: 

𝜎 =
𝐹

𝐴0
 

                                                      
7 (ASTM International, 2001) 

Figure 2. Side profile of D638 Type V dumbbell (Croop, 2014) 

Figure 3. Top profile of D638 Type V dumbbell (Croop, 2014) 

Figure 1. Force diagram for tensile test on dumbbell (CAPINC, 2014) 



Where 𝐹 is the applied load and 𝐴0 is the cross-sectional area of the sample normal to the load in the gauge 

section. 

By recording the strain with increasingly large loads, it is possible to plot a stress strain curve that gives 

further information about the part: 

The Young’s modulus for elastic deformation can be determined by taking the gradient of the line between 

the origin and yield point, the point after which the part does not return to its original dimensions and 

becomes permanently deformed. The ultimate strength depicted in Figure 4 is the point at which the sample 

part fractures8. 

3D Printing Infills 
It has been shown experimentally that the ultimate strength of a 3d printed part on average increases with 

the infill percentage of said piece for a fixed pattern9. However, production speeds, part mass, and material 

costs increase proportionally with the infill percentage, as per Figure 5, rendering it necessary for a 

compromise to be used. 

                                                      
8 (Hosford, 1992) 
9 (Alvarez, Lagos, & Aizpun, 2016) 

Figure 4. Typical stress-strain curve for a polymer (Leanissen, n.d.) 

Figure 5. Graph of variables in 3D printing against infill percentage (3D Matter, 2015) 



It then becomes necessary to determine the internal arrangement of the structure for the part to optimise 

performance. 

Limited research has been carried out on acrylonitrile butadiene styrene (ABS) parts, suggesting that 

patterns with more of the structure positioned along the same axis as the force are able to undergo a higher 

stress before fracture10. 

  

                                                      
10 (3D Matter, 2015) 

Figure 6. Assortment of common infill patterns at various material infill percentages (Hodgson, Ranellucci, & 
Moe, n.d.) 

Figure 7. Bar chart for ultimate strength of ABS dumbbells with differing infill structures (3D Matter, 2015) 



METHODS AND PROCEDURES 

Apparatus and Setup 
The following apparatus was required for the conduction of the experiment: 

- Fused Deposition Modelling (FDM) 3D printer with PETG filament in order to manufacture the ASTM 

D638 Type V dumbbells with differing infill structure to be tested 

- Universal Testing Machine (UTM) comprised of the following: a load cell for applying a uniaxial force 

on the specimen; force transducer to measure the applied force; extensometer to measure the 

extension of the dumbbell; mechanical fixtures to hold the specimen in the machine 

- Computer to record and store the data outputted from the UTM, and to generate the various infill 

patterns to be tested 

The specific UTM used for this experiment was setup as shown in Figure 8. 

Experimental Procedure 

Dumbbell Manufacture 

A scale model of the specimen dumbbell was produced in SolidWorks using the previously-discussed 

ASTM D638 Type V as the basis. The height of the test piece was maximised to 4.40 mm to increase the 

cross-sectional area to reduce the effect of small manufacturing imperfections on tensile performance. Two 

holes, 6 mm in diameter, were added to allow the dumbbell to be fixed in the machine with bolts. Thus, 

the external dimensions of the test specimens were all as follows: 

Figure 8 – Experimental setup for tensile testing 



The model was then imported into the slicer software Cura, which is used to generate the desired print 

settings, including the specific infill pattern from a variety of options as well as other properties such as 

layer resolution and infill percentage. The only variable changed between the different specimen pieces was 

infill pattern, with all other factors kept constant to ensure that infill structure was indeed the factor 

responsible for any variation in results. Layer resolution and outer wall thickness were minimised to give a 

larger internal volume for the different infills, and the percentage infill was nominally assigned to a value of 

40%, as per Figure 11. 5 specimens of each infill pattern (grid, lines, triangle, zig-zag) were printed 

simultaneously for the purpose of repeating trials and getting multiple datasets. All dumbbells were 

produced on the same Ultimaker 2 Extended + with 2.85 mm diameter RS Pro PETG filament. 

 

Figure 9 – Geometry of ASTM D638 dumbbell specimen 

Figure 11 – Print settings for specimens Figure 10 – Dumbbells during printing process 



Data Collection 

With the apparatus positioned as shown in Figure 8, a printed dumbbell could be placed in the machine 

vice and fastened securely with bolts. Once in place, connecting the force and extension outputs to a 

computer with PASCO PASPORT digital adapters allows for the calibration of the variables, setting the 

initial values to 0. The data from the experiment was then be recorded directly to PASCO Capstone as 

voltages as the machine handle was gently turned, thus applying a load and stretching it. This continued 

until either the dumbbell broke or the limit of extension within the machine was reached due to the relatively 

large size of the specimens. After the breaking of a test piece, it was removed and replaced, followed by 

recalibration of the machine. 

The data was then be reviewed and analysed to calculate the tensile properties of each tested specimen, 

after which averages and comparisons could be made. 

 

RESULTS 

The following results section is structured in a manner that is such that the tested infill patterns are assessed 

individually before any comparisons are drawn between them. 

The measurements for force and extension were both recorded as voltages, which, in order to be converted 

into newtons and millimetres respectively, had to be multiplied by the scale factor listed on the machine. 

To produce engineering stress values, the forces had to be divided by the initial cross-sectional area of the 

dumbbell orthogonal to the applied load: 

𝜎 [𝑀𝑃𝑎] =
𝐹 [𝑁]

𝐴0 [𝑚𝑚]2
=

𝐹 [𝑁]

4.40 ∗ 3.18  [𝑚𝑚]2
=

𝐹 [𝑁]

13.992  [𝑚𝑚]2
 

To produce engineering strain values, the extensions had to be divided by the gauge length of the dumbbell: 

𝜀 =
∆𝑙 [𝑚𝑚]

𝑙0 [𝑚𝑚]
=

∆𝑙

9.38
 

Figure 13 – Dumbbell in UTM after test Figure 12 – Dumbbell in UTM before test 



The yield strength in the context of the experiment occurs at the maximal load/stress experienced by a test 

specimen which provides a valuable reference point for comparison between both repeat dumbbells of the 

same infill structure and those of differing one: 

𝜎𝑦 =
𝐹𝑚𝑎𝑥

𝐴0
 

After calculating the yield point, the corresponding strain value can be located within the data, which then 

allows for an approximation of the material’s Young’s Modulus (E) to be calculated: 

𝐸 [𝐺𝑃𝑎] ≈
𝜎𝑦 [𝑀𝑃𝑎]

𝜀𝑦 ∙ 103
 

This value is conventionally typically given in Gigapascals11, hence the inclusion of a scale factor in the 

equation for the conversion. 

With regards to error analysis and the identification of anomalous results, the mean yield strength and mean 

strain at yield of the 5 samples of a particular infill pattern were calculated. Outliers were considered to be 

any value 1.5 standard deviations from the calculated mean; if any such that values were present, the means 

and standard deviations were recalculated these excluding erroneous results. This allows for a more accurate 

comparison of the different infills being tested. It was decided that the error analysis would be completed 

using the range of data rather than percentage uncertainties in the instruments and manufacturing process, 

as the point of breakage along the dumbbell has a much greater effect on the results; this can be due to a 

combination of a different amount of polymer at the cross-section due to the infill structure and potential 

manufacturing imperfections not accounted for in the theoretical axis-resolutions of the 3D printer. 

                                                      
11 (Elert, n.d.) 

Figure 14 – Tested dumbbells used to generate average data for specific infill structures 



Grid Infill 
The internal structure of dumbbells with the grid infill pattern can be 

seen in Figure 15. Sample data for one such specimen is provided below 

with a force-extension curve from the raw data and a derived stress-

strain curve: 

 

The maximum force was identified for each specimen tested, and, hence, the following table of data could 

be generated: 

 

The results of Trial 4 could be identified as anamalous due to the fact that the calculated yield strength was 

more than 1.5 standard deviations above the mean of the five trials. That result could thereby be removed 

from the calculation for the mean, thus giving a mean yield strength of approximately 50.9 MPa to 3 

significant figures. The complimentary mean strain was calculated to be approximately 0.139 to 3 significant 

figures. These results give the Young’s Modulus to be in the region of 0.366 GPa. 

  

Figure 15 – Dumbbells sliced for printing with grid infill pattern 
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Figure 16 – (L) Force-extension curve from raw data; (R) Stress-strain curve from converted data 

Table 1 – Tensile data for grid infill pattern 



Lines Infill 
The internal structure of dumbbells with the lines infill pattern can be 

seen in Figure 17; this varies from the grid structure by having alternating 

unidirectional beams rather than a flat bidirectional criss-cross. Sample 

data for one such specimen is provided below with a force-extension 

curve from the raw data and a derived stress-strain curve: 

 

The maximum force was identified for each specimen tested, and, hence, the following table of data could 

be generated: 

 

None of the trials lay outside the acceptable range as previously defined, although only 4 trials were used 

due to a 3D printing malfunction that failed to accurately produce the fifth dumbbell. The results gave a 

mean yield strength of approximately 53.6 MPa to 3 significant figures. The complimentary mean strain 

was calculated to be approximately 0.200 to 3 significant figures. These results give the Young’s Modulus 

to be in the region of 0.267 GPa. 

Figure 17 – Dumbbells sliced for printing with lines infill pattern 
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Figure 18 – (L) Force-extension curve from raw data; (R) Stress-strain curve from converted data 

Table 2 – Tensile data for lines infill pattern 



Triangle Infill 
The internal structure of dumbbells with the triangle infill pattern can be 

seen in Figure 19. Sample data for one such specimen is provided below 

with a force-extension curve from the raw data and a derived stress-strain 

curve: 

 

The maximum force was identified for each specimen tested, and, hence, the following table of data could 

be generated: 

 

None of the trials lay outside the acceptable range as previously defined, thus giving a mean yield strength 

of approximately 47.6 MPa to 3 significant figures. The complimentary mean strain was calculated to be 

approximately 0.165 to 3 significant figures. These results give the Young’s Modulus to be in the region of 

0.280 GPa. 

  

Figure 19 – Dumbbells sliced for printing with triangle infill pattern 
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Figure 20 – (L) Force-extension curve from raw data; (R) Stress-strain curve from converted data 

Table 3 – Tensile data for triangle infill pattern 



Zig-Zag Infill 
The internal structure of dumbbells with the zig-zag infill pattern can be 

seen in Figure 21; this varies from the lines structure by having each 

layer be one continuous line, with each line joined onto the next at either 

end. Sample data for one such specimen is provided below with a force-

extension curve from the raw data and a derived stress-strain curve: 

 

The maximum force was identified for each specimen tested, and, hence, the following table of data could 

be generated: 

 

The results of Trial 2 could be identified as anamalous due to the fact that the calculated yield strength was 

more than 1.5 standard deviations below the mean of the five trials. That result could thereby be removed 

from the calculation for the mean, thus giving a mean yield strength of approximately 59.5 MPa to 3 

significant figures. The complimentary mean strain was calculated to be approximately 0.230 to 3 significant 

figures. These results give the Young’s Modulus to be in the region of 0.259 GPa. 
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Figure 21 – Dumbbells sliced for printing with zig-zag infill pattern 

Figure 22 – (L) Force-extension curve from raw data; (R) Stress-strain curve from converted data 

Table 4 – Tensile data for zig-zag infill pattern 



Comparison of Infill Structures 
With data available for the mean yield strengths of the various infill structures, it became possible to do a 

quantitive comparison between them. A histogram showing both yield strength and the modulus of elasticty 

for each infill pattern was created. The error bars for the moduli were determined using the following 

formula to find the absolute uncertainties: 

𝑢𝐸 =
𝐸 ∙ 𝜎𝜎𝑦

𝜎𝑦
+

𝐸 ∙ 𝜎𝜀

𝜀
 

This gave the following graph: 

The graph suggests that, for structural integrity, the zig-zag infill pattern is the best performing under a 

uniaxial load by maximising the force required to plastically deform the part; the triangular infill pattern 

appears to be weakest in this regard. For the grid and lines infills, there is a large overlap of the error margins 

making it difficult to determine which of the two is more suitable for this application. However, the overall 

ranking of the patterns can be explained with relative ease by considering the continuity of the structures 

in a single layer. Each zig-zag layer consists of a single pathway travelled by the printer head during 

manufacture, thus creating an even surface throughout the part; in terms of smoothness, the lines and grid 

infills follow, with both patterns stopping at either end of each internal diagonal line to reposition the head; 

the triangle infill is roughest due to the large number of small triangles to be independently made. A rough 

region can act in the same manner as a crack, enhancing the propagation of stresses through the part, thus 

decreasing the force required to induce plastic deformation. 

Figure 23 – Histogram comparing average yield strength and the measured modulus of elasticity for the tested infill patterns 



Theoretically, the modulus of elasticity should be near-constant across the infill patterns, as this property is 

intrinsic to the material itself. However, the graph shows large uncertainties in this value, especially for the 

grid infill pattern. It is possible to again attribute this variation to minor manufacturing imperfections, as 

the cracks will lead to premature fracture of the test piece in the UTM which can then give skewed gradients 

for the elastic region of the stress-strain curves. This variation in breaking is evident in Figure 24: 

 

Further Avenues of Research 

Whilst the experiment did yield useful results, the variation seen in results suggests that there could be 

further quality control and/or procedural mechanisms to increase the accuracy and reliability of the 

experiment. This could involve testing a larger number of repeat specimens or manufacturing them with a  

more reliable 3D printer. In fact, the original experimental aim was to complete the tensile testing in situ in 

a scanning electron microscope, which would allow the surface imperfections of a specific dumbbell to be 

seen and thereby accounted for in the results during the test; however, this method could not be achieved 

due to insufficient funding to acquire the necessary apparatus. 

A more thorough investigation could assess tensile performance of the specimens in multiple axes. This 

could yield more useful results for real-world applications for the optimisation of performance of parts in 

2 or 3 dimensions. 

 

CONCLUSION 

The investigation successfully revealed that the infill pattern of a 3D printed PETG object has an effect 

on its tensile performance. A continuous structure is optimal for applications where it is necessary for 

permanent deformation or fracture of the part to be avoided, but simplicity in this geometry is required to 

maintain fast print speeds and sufficient support for the above layers of the part. Hence, it can be 

concluded that infill pattern is an important consideration in 3D printing functional parts.  

Figure 24 – Variation in fracture location of tested dumbbells 
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