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cc: Mr. Cody Petitt <petittc@ohio.edu> 

From: Jonathan Bowman <jb146214@ohio.edu> 
Parker Hench    <ph074418@ohio.edu> 
Dallas Roberts  <dr670618@ohio.edu> 

Subject: Material Analysis for Webslinger Corp. 

Date: December 6th, 2020 

Summary 

The Webslinger Corp. project studied the effects of printing conditions on the material 

properties of a PLA sample conformant to ASTM D638 Type V. The goal of this project is to make 

a recommendation to 3D print upper limb prosthetic loaded entirely in tension. Due to the scope 

of this project, several groups within the company of Exper. Designs Inc. worked simultaneously 

to assist. Each group was responsible for completing a tensile test on a defined print condition 

(orientation and layer height). In addition to a tensile test, each group was also expected to 

perform a digital imaging correlation (DIC) analysis for process validation. 

The team tested the samples, from orientation A with a layer height of 0.28 mm, using an 

Instron tensile test machine. In total, 10 samples were tested and then averaged and returned to 

the other groups. This replication was necessary in an attempt to limit the effects of any 

experimental error introduced while testing. The average UTS of orientation A and a layer height 

of 0.28 mm is 59.59 MPa. 

When the data was compiled for the company, some trends began to develop. It became 

clear that the print orientations with the print lines parallel to the tensile loading (A and D) had 

a better UTS than those that did not (B and C). Additionally, as layer height decreased the UTS 

increased. These trends were found graphically and also statistically using hypothesis tests. The 

best print condition from the data is orientation D at a layer height of 0.12 mm. This print 

exhibited the best UTS of MPa. 

With the current data, the team recommends 3D printing an upper limb prosthetic in 

orientation D with a layer height of 0.12 mm. However, it is also suggested that some further 

testing be done with samples of orientation A with a layer height of 0.12 mm. It appears that 

there may have been an issue in printing that could have affected the UTS results. Further testing 

is recommended as orientation A shows a stress-strain relationship that has more toughness.  
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Abstract 

 

The printing conditions of a 3D printed prosthetic will affect its material properties. The 

conditions of print orientation and the layer height were studied for their effect on the ultimate 

tensile strength and Young’s modulus of a 3D printed ASTM D638 Type V sample. This was a 

collaborative effort between each of the groups in Exper. Design Inc. A tensile test was completed 

and replicated several times to provide confidence in conclusions. Digital image correlation (DIC) 

was also used to validate results. The best print orientations were those with print lines parallel 

to the tensile loading. Additionally, the smaller the layer height the better the UTS. This 

information can now be used to print a 3D printed prosthetic hand with the best UTS for the 

tested conditions. The best orientation and layer height is D at 0.12 mm.  
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Section 1. Project Framework 

 

This project has a focus on the effect of different 3D printing processes on mechanical 

properties of a Polylactic Acid (PLA) printed part. The 3D printed processes of interest are the 

print orientation and the layer height. The class identified a few key layer heights and print 

orientations that would be of interest and these are shown in Figure 1.  

 

 
Figure 1: The possible print conditions for the PLA material. 

 

To facilitate a more comprehensive conclusion of the effects of these processes, the 

teams in the class were organized so that each group was responsible for one orientation at one 

layer height. The structure for this workload division, championed by this team, is shown in Figure 

2. This team, Group 3, was responsible for orientation A at a layer height of 0.28 mm. 

 

 
Figure 2: The team sample schedule.  
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The overall goal for this project is to determine the best print conditions to produce a 3D 

printed upper limb prosthetic. The outcomes developed should serve to provide a much more 

mechanically stable and desirable limb.  

For the purposes for this project, the prosthetic is designed to be loaded entirely in 

tension. Therefore, a tensile test machine can be used to compare the mechanical properties for 

the different print conditions. 

A standard dog bone shape, conforming to ASTM D638 Type V standard, was printed for 

each of the cases. Each group had 10 samples to test, in order to add statistical significance to 

the returned data. This standard shape and the corresponding dimensions are shown in Figure 3. 

The ASTM standard is provided in Appendix A. 

 

 
Figure 3: The ASTM D638 dog bone shape standard. (ASTM, 2014) 
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Section 2. Analyzing the Orientation A, Layer Height 0.12 mm Data 

 

The Instron tensile test machine used in this project returns the force (in kgf) and 

displacement (in mm) that the loaded sample experiences in the machine. This information can 

then be interpreted to a stress-strain relationship using the measured dimensions of the sample. 

A discussion on this can be found in Appendix C. 

 PLA material has a stress strain curve where the yield point and the ultimate tensile 

strength (UTS) coincide. This is shown in Figure 4 for one of the samples tested in the print 

orientation A and layer height 0.28. This relationship is also shown among all the other possible 

combinations of print conditions previously determined in Section 1. 

 

 
Figure 4: The stress-strain curve for sample 2 at orientation A, layer height 0.28. 

 

To compare the UTS of the other orientations and layer height combinations, the tensile 

test is replicated 10 times. The values of the UTS and the Young’s modulus were determined from 

the processing of these replicates and are shown in Table 1. In an effort to limit the effects of 

introduced experimental error, the average of these values will be used to compare to the other 

print arrangements. The average UTS and Young’s modulus for the print in orientation A and 

layer height 0.28 are 59.590 MPa and 780 MPa, respectively.  
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Table 1: The recorded UTS for each of the samples at orientation A, layer height 0.28. 

Sample # 

Ultimate Tensile Strength 
(UTS) 

Young’s Modulus 
(E) 

(MPa) (MPa) 

1 59.738 759 

2 62.419 802 

3 55.019 751 

4 53.740 742 

5 62.128 865 

6 54.588 777 

7 56.124 778 

8 52.590 769 

9 55.055 801 

10 54.497 753 

Average 59.590 780 

 

 Some experimental errors are present in this conclusion. A few experimental errors that 

could have impacted this data are the overtightening of the samples in the Instron and the 

misalignment of the samples in the Instron. A more detailed discussion of the impacts of these 

errors is presented in the lessons learned in the project in Section 5. 

 

Section 2.1 Determining the UTS Uncertainty 

 

The uncertainty for the analytical solution for the UTS of the samples comes from two 

sources: the measured dimensions of the sample and the force recorded by the Instron. The 

equations for the uncertainty in the tensile stress are shown in Appendix G. It is clear from the 

derived equations that the dimensions (width and thickness) are the driving factors for 

uncertainty. The uncertainty is limited by the tool, which was a micrometer, to measure the 

samples in the lab. Table 6 in Appendix G shows the maximum uncertainty in each of the samples 

throughout its tensile test. The maximum uncertainty is limited to just 96.2 Pa which is only ± 
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0.0002% of the reported UTS values. Therefore, uncertainty does not play a significant role in the 

UTS determinations. 

 

 

Section 2.2 Digital Image Correlation Validation 

 

Digital Image Correlation (DIC) was used as an additional method of validation in these 

tensile tests. That data captured by the DIC setup for this lab shows the localized percent strain 

across a particular speckled area of the sample. This data can then be used to create a stress-

strain curve that can be compared to the tensile test results.  

To understand this relationship, sample 1 from the team’s gathered data at orientation A 

and layer height 0.28 will be used. This sample best represents an ideal deformation as there are 

no concentrations of localized yielding other than at the middle of the sample. This is shown in 

Figure 5. 

 

 
 

Figure 5: The DIC data for Sample 1 at orientation A with layer height 0.28. 

 

This information for localized percent strain can then be used to develop a stress-strain 

curve using Hooke’s Law. Hooke’s Law defines a linear relationship between stress and strain in 

the elastic region. Further information on this is provided in Appendix E. The resulting stress-

strain curve in the elastic region can be seen in Figure 6. This figure shows the stress-strain curve 

developed from both the DIC data and the data returned (force and displacement) from the 

Instron.  
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Figure 6: The stress-strain curves developed from the Instron and DIC data. 

 

The figure shows a clear source of validation between the two methods of calculating the 

stress-strain curve in the elastic region. Therefore, this validation shows that the experiment was 

not fundamentally flawed and represents an accurate material response to tensile loading. 

There are minor changes in the curves when the loading approaches the UTS point. This is 

expected due to how the stress is presented. The stress developed from the Instron data 

represents the engineering stress, which does not consider the effects of changing cross section. 

The stress developed from the DIC data represents the true stress, and the effects of a changing 

cross section in the sample. 

 

Section 2.3 Determining the Young’s Modulus 

 

Linear regression is used to determine the Young’s modulus. The Young’s modulus is the 

slope of the stress-strain curve in the elastic region. This relationship is defined by Hooke’s Law. 

The minimum requirements, set by the class, of the linear trend line were an R2 value greater 

than or equal to 0.99 with at least 12 data points. The linear regression results for all of the 

samples meet and exceed this expectation. The collected data was able to retain more than 12 

points and reach R2=0.999 The average Young’s modulus for all the samples tested is 780 MPa. 

Figure 7 shows an example of a trendline developed in this analysis. 
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Figure 7: The best fit line in the elastic region for a tensile test sample. 

 

 

Section 3. Collective Data Returned from All Groups 

 

Each of the groups were required to complete a tensile test for the 10 samples at their 

group’s individual print orientation and layer height. The average UTS for each of the possible 

layer height and orientation combinations are shown in Table 2. The highest overall UTS was 

found to be 67.06 MPa from orientation D at layer height 0.12mm.  
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Table 2: The results from the combined data of each of the groups. 

Orientation  
(see Fig. 1) 

Layer Height  
(mm) 

Average UTS  
(MPa) 

Young’s Modulus  
(MPa) 

Strain Energy Density 
(MJ/m3) 

A 

0.12 61.69 788.02 3.53M 

0.20 62.71 878.09+ 2.66 

0.28 56.59 779.70 2.38 

B 

0.12 33.53 741.04 0.86 

0.20 31.87 720.14 0.75 

0.28 22.96 613.97 0.49 

C 

0.12 38.72 709.36 1.38 

0.20 37.67 722.14 1.94 

0.28 31.73 609.16 0.95 

D 

0.12 67.06t 675.61 3.47 

0.20 53.24 517.25 3.08 

0.28 52.17 842.39 0.69 

t The highest UTS; + The highest Young’s Modulus; M The highest strain energy; 
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Section 3.1 Hypothesis Test Results 

 

The effects of the print orientation on the UTS were apparent, shown in Figure 14 of 

Appendix D, but the effects of layer height were much more subtle for Orientation A. To 

determine statistically significant relationships within the changing layer heights a few hypothesis 

tests were performed. The analytical solutions for these hypothesis tests are shown in Appendix 

F. 

The first round of hypothesis tests was for two sided, two sample, unequal variance 

hypothesis tests. This found that there was no statistical difference between the 0.12 mm and 

0.2 mm layer heights. However, each of the other possible combinations of layer heights were 

statistically different.  

 The second round of hypothesis tests was for one sided, two sample, unequal variance 

hypothesis tests. These tests are needed to determine if there are any statistical trends for UTS 

among the layer height changes. This same test was completed for different print orientations 

among other groups within Experimental Designs Inc. Each of the orientations, except for A, 

showed a trend that as layer height decreased the UTS increased. 

 If these trends were to hold true in the data, it is expected that the printing conditions 

that would have exhibited the best material properties relation to UTS would be orientation A at 

layer height 0.12 mm. However, the data returned from the company showed that orientation D 

at layer height 0.12 mm exhibited the best UTS. Therefore, a third hypothesis test was completed 

to show if the latter was truly statistically greater than the former. The results show that to be 

true and this provides some evidence that there may be error within the testing of the samples 

at orientation A at layer height of 0.12 mm. 

 

Section 3.2 Selecting the Best Print Orientation and Layer Height 

 

As the data currently stands, the team has determined the best print orientation and layer 

height combination to be D at 0.12 mm. The driving factor in this decision is the high UTS 

achieved. This intensive property will help ensure that, if high tensile loading conditions are 

present, the flange will not suddenly fracture. 

Future design iterations should consider the strain energy and the stiffness of the print 

conditions once a more descriptive loading case is developed. It can be assumed that a prosthetic 

will not always experience forces entirely in tension but could also have some compressive, 

bending and shear elements of force. 
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Section 4. Further Design Improvements 

 

The current mass of the PLA ASTM D638 Type V sample is approximately 1.786 grams. 

This is found by using an approximate volume of 1.440 x 10-6  m3 and a density of 1240 kg/m3 

(Núñez, 2020). To further improve the design, while keeping the volume constant, the material 

of the print can be changed. This change will serve to do two things: minimize the mass of the 

print and maximize the material response to tensile loading.  The relationships developed for the 

desired mechanical properties and the mass are shown in Table 3. 

 If maximizing elastic energy is the driving concern while still minimizing the mass, a 

polyurethane elastomer will be used (Figure 10). This material will have a density around 1,000 

kg/m3 (Figure 8) and a Young’s modulus of around 20 MPa (Figure 10). Using this material will 

result in the printed mass being reduced by 19.4% (1.44 g). This material would require changes 

to the 3D printing setup due to it being an elastomer. 

If maximizing the tensile strength is the driving concern while still minimizing the mass, 

the polymer PA will be used (Figure 9). This material will have a density of 1150 kg/m3 and a 

tensile strength of 110 MPa. Using this material will result in the printed tensile strength being 

increased by 164.0% from the best possible UTS (67.06 MPa) from the samples tested. 

If minimizing the mass is the driving concern while maximizing stiffness, bamboo will be 

used. This material has a density of 700 kg/m3 and a Young’s modulus of around 20,000 MPa. 

When using this material, the resulting mass of the print will be reduced by 43.5% (1.01 g). The 

manufacturing process of bamboo should be considered as there is no way to 3D print baboo 

products.  

If minimizing the mass is the driving concern while still maximizing tensile strength, wood 

parallel grain will be used. This material will have a density of 625 kg/m3 and a tensile strength of 

around 65 MPa. When using this material, the resulting mass of the print will be reduced by 

49.5%. The manufacturing processes involved will need to be altered as there exists no way 

currently to 3D print wood. However, woodworking is common and therefore many 

manufacturing options exist. Notably, the wood and bamboo recommendations are the most 

environmentally friendly of the recommended materials. 

If minimizing the mass is not the driving concern and a redesign of the cross section is 

permissible, then steel is a good material choice. This material would allow the weight to remain 

the same as the volume decreases according to the testing conditions derived in Appendix H. The 

stiffness will increase as would the different possible manufacturing processes as compared to 

bamboo or polymers. A higher stiffness would also mean a higher resistance to plastic 

deformation in the elastic region. Processes for metal productions could be used for steel 

phalangeal samples. This would open up options such as forging and casting processes. 
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 The Ashby charts that guided these material decisions are shown in Figures 8, 9 and 10. 

These charts serve to show representations of the general properties of different types of 

material. A deeper analysis should be completed before any definite material change decisions 

are made. 

 

 

Table 3: Loading condition relationships. 

Elastic energy, w 𝑤 ∝
𝜎2

𝐸
 

Mass, m related to Strength, 𝜎, and density 
𝑚 ∝

𝜌

𝜎
 

 

Mass, m, related to Young’s Modulus, 𝐸 𝑚 ∝
𝜌

𝐸
 

 

 

 
Figure 8: Ashby chart comparing Young’s modulus and density to determine materials. Modified 

from ANSYS Granta (2020). 
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Figure 9: Ashby chart comparing strength and density to determine materials. Modified from 

ANSYS Granta (2020). 

 

 
Figure 10: An Ashby chart that shows the relationship between Young's modulus and strength 

for materials. Modified from Granta Design (2009).  
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Section 5. Internal Review 

 

Section 5.1 Cost Analysis 

 

The overall cost for the project was 97.9% of the estimated project total. The largest 

difference in the teams cost estimate for this project was in the design of experiment (DOE) 

development phase. In the future, the team plans to eliminate some of the time spent in the 

analyzing phase by having a more thorough DOE collaboration among the various teams. A large 

portion of the time overage in the analyzing phase was due to correcting mistakes caused by 

oversights in the DOE development phase. 
 

Table 4: Estimated and actual experiment time and cost. 

 Estimate Actual 

DOE Development - Hours 57 39.5 

DOE Development - Labor Cost ($) $3,819.00 $2,646.50 

Experimental Phase - Hours 7.5 7.5 

Experimental Phase - Labor Cost ($) $502.50 $502.50 

Lab Rental Costs  ($) $875.00 $875.00 

Analyzing and Reporting Phase - Hours 72 90.75 

Analyzing and Reporting Phase - Labor Cost ($) $4,824.00 $6,080.25 

Instructor Meetings - Hours 11.5 9.75 

Instructor Meetings - Cost ($) $1,150.00 $975.00 

Other Company Labor - Hours 33 32 

Other Company Labor - Cost ($) $2,211.00 $2144.00 

DIC Analysis Labor - Hours 2 2 

DIC Analysis Labor - Cost ($) $200.00 $200.00 

Manufacturing - Cost ($) $180.00 $45.00 

Sample - Costs (S) $5.00.00 $7.00 

PLA Material - Costs ($) $21.99 $21.99 

Total Hours 183 181.5 

Total Cost ($) $13,788.49 $13,497.24 
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Section 5.2 Lessons Learned 

 

In This Lab 

Some errors occurred during data collection in the lab. One source of error was forgetting 

to zero the displacement and balance the force of the Instron for two of the team’s samples. 

While the actual stress and strain were determined with more analytical relationships from the 

recorded data, it would have been better if the data had been properly collected. 

Another error that occurred was forgetting to stop recording one of the DIC data sets. 

This caused the resolution of the time scale of the resulting DIC analysis to be reduced. The 

reduced resolution made determining the useful portion of the data more difficult. 

While interpreting the DIC data, care should be taken to observe where the local yielding 

occurs. In this tensile test, the best theoretical place for yielding to occur is directly in the middle 

of the sample. However, when reviewing the DIC video for the samples, shown in Figure 11, it 

can be seen that localized yielding occurring where the sample is loaded into the top jaw of the 

Instron. This is due to over tightening of the sample in the Instron. This does not help to promote 

the ideal strain and provides concentration of localized yielding throughout the sample. 

 

 
Figure 11: The DIC results for sample 6 at orientation A at layer height 0.28. 
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The DIC analysis also shows that some of the samples were not aligned vertically in the 

tensile test machine. This affects the loading conditions and will modify the overall material 

properties determined throughout. To correct this, a level or a sample fixture could be used when 

loading the sample to ensure a close to perfectly aligned sample. 

Due to the broadness of the problem statement for the project and the inexperience of 

the fellow engineers, some elements were not constrained as they should have been. For 

example, each of the groups were to record the dimensions of their sample to quantify the 

uncertainty in their material property results. The dimension in which the length of the sample 

was to be recorded was not discussed enough and the recorded lengths ranged greatly. Some 

took the length readings of the thinnest section and others took readings from the entire sample 

length. To correct this, a standardized length was set from the standard, but now groups were 

left with a harder path to quantify the uncertainty. There should have been discussion or 

standardization of a method to find the elongation at fracture from the lab data. The mass and 

volume of the samples should have been recorded during the lab. 

The team suggests that if further testing were to be done that the print conditions at 

orientation A and layer height 0.12 mm be retested. There is some evidence from the hypothesis 

tests (Section 3.1) that the samples may have actually been the 0.2 mm layer height instead. This 

is indicated by the results of the hypothesis test of A at 0.12 mm and 0.2 mm having no statistical 

difference. 

 

In This Team 

 

The team did a great job with communication, teamwork, and finding times in schedules 

to meet on a regular basis. There are not many things that could be corrected if this team were 

to continue past this semester. However, for future collaborative projects the teams suggests 

having a weekly reoccurring meeting with the professors. This would allow the team to setup a 

habit of seeking feedback early in the design process, which is the most critical. 

 

In This Class 

  

A lesson learned over the course of the semester was to encourage more collaboration 

from other teams within the company. The collaboration in this assignment was really beneficial 

for the clarity and strength in conclusions.  If that same collaboration were present for the 

previous projects a better report may have been produced. 
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Appendix A. ASTM D638 Standard 
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Appendix B. The Sample Dimensions Recorded in Lab 

 

The sample dimensions were recorded in the Lab and are shown in Table 5. The dimensions are 

recorded to the length annotations shown in Figure 12. 

 
Figure 12: The ASTM D638 standard dimension length annotations. (ASTM, 2014) 

 

Table 5: The recorded sample dimensions. 

Sample
# 

G T Wc 

(mm) (Inch) (Inch) 

1 6.5 0.1172 0.14105 

2 6 0.12185 0.13215 

3 6 0.12065 0.14475 

4 6 0.11875 0.14310 

5 6 0.12080 0.13170 

6 6 0.12090 0.13410 

7 6.5 0.12060 0.13620 

8 6.5 0.11905 0.13880 

9 6.5 0.11800 0.14600 

10 6 0.12045 0.13725 
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Appendix C. Determining Stress and Strain from the Instron Data 

 

The data returned from the Instron is the force in kgf and the displacement in mm. The force will 
need to be converted to a more usable form in N. This is done by: 
 

𝑁 =  
𝑘𝑔𝑓

9.807
 

 

Engineering stress and strain are used to describe the tensile response of the samples. These 

equations are: 

𝜎 =  
𝐹

𝐴
 

 

𝜀 =  
𝑙 − 𝑙0

𝑙0
=  

∆𝑙

𝑙0
=  

∆𝐷

𝐷
 

This engineering stress approximation is an underestimate as it does not account for a changing 

cross section. The material’s Uts is the maximum value of the engineering stress. The cross-

sectional area, A, used of the sample is shown below. 

𝐴 = 𝑤𝑐 ∗ 𝑇 

The combined data that the team gathered (orientation A, layer height 0.28 mm) is shown in 

Figure 13. This figure shows a relationship in the shape the curves developed by each of the 10 

samples. 
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Figure 13: The combined stress-strain for each of the samples at orientation A, layer height 0.28 

mm. 
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Appendix D. The Stress-Strain Curve Trends 

 

 
Figure 14: The stress-strain curves as print orientation changes among layer height 0.28 mm. 
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Figure 15: The stress-strain curves as layer height changes among orientation A.  



 

 

27 

Appendix E. Validation of the Stress-Strain with DIC Data 

 

To validate the tensile test process, Digital Image Correlation (DIC) was used. The DIC 

analysis returns the local strains in a sample using digital imagining. The samples are speckled to 

facilitate this imagining prior to testing the sample. The data returned is the time in seconds and 

the maximum percent strain in the sample.  

This data for the elastic region can be graphed to develop a line that relates the time to 

the strain in the sample. This best fit line takes the form of a 6th order polynomial as is the typical 

DIC standard. The results for sample 1 in the data of orientation A at layer height 0.28mm are 

shown in Figure 16. 

 

 
Figure 16: The data returned from the DIC analysis for sample 1. 

 

This best fit curve can then be used with the time step information returned from the 

Instron to give the strains in the Instron sample rate. Once determined, this strain data can then 

be used with Hooke’s Law to determine the stresses at that point. This equation for Hooke’s Law 

is  𝜎 =  𝜖 ∗ 𝐸. 

This returned data can then be plotted and compared to the stress-strain curve developed 

from the Instron data. This comparison is shown in Figure 6 in Section 2.2. It should be noted that 

these results largely agree. There appears to be a slight divergence in the methods as it nears the 
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end of the elastic region. This is anticipated as the Instron accounts for engineering stress and 

the DIC accounts for true stress. 

Figure 6 in Section 2.2 shows a clear source of validation between the two methods of 

calculating the stress-strain curve in the elastic region. Therefore, this validation shows that the 

experiment was not fundamentally flawed and represents an accurate material response to 

tensile loading. 
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Appendix F. The Analytical Solutions for the Hypothesis Tests 

 

The two-sided hypothesis test results were developed to determine if there is a 

statistically significant difference between the data sets of layer heights in Orientation A. These 

results were first completed by hand and then verified by excel. The resulting analytical solutions 

are provided below. The two-sided hypothesis test found there to be no statistical difference 

between the 0.12 and 0.20 mm layer heights. However, it was also determined that there is a 

statistical difference between the remaining layer height combinations. 

 

Hypothesis Test Two Sided Results: 

 

Hypothesis Test #1 

H0 : UTS for A at 0.12 = UTS for A at 0.20 

H1 : UTS for A at 0.12 ≠ UTS for A at 0.20 

 

t-Test: Two-Sample Assuming Unequal Variances 

   

  
Variable 

1 
Variable 

2 

Mean 61.69294 62.708 

Variance 5.738854 12.1736 

Observations 10 10 
Hypothesized Mean 
Difference 0  
df 16  
t Stat -0.75843  
P(T<=t) one-tail 0.229612  
t Critical one-tail 1.745884  
P(T<=t) two-tail 0.459223  
t Critical two-tail 2.119905   
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Hypothesis Test #2 

H0 : UTS for A at 0.20 = UTS for A at 0.28 

H1 : UTS for A at 0.20 ≠ UTS for A at 0.28 

 

t-Test: Two-Sample Assuming Unequal Variances 

   

  
Variable 

1 
Variable 

2 

Mean 62.708 56.58976 

Variance 12.1736 12.45577 

Observations 10 10 
Hypothesized Mean 
Difference 0  
df 18  
t Stat 3.898524  
P(T<=t) one-tail 0.000526  
t Critical one-tail 1.734064  
P(T<=t) two-tail 0.001053  
t Critical two-tail 2.100922   

 

Hypothesis Test #3 

H0 : UTS for A at 0.12 = UTS for A at 0.28 

H1 : UTS for A at 0.12 ≠ UTS for A at 0.28 

 

t-Test: Two-Sample Assuming Unequal Variances 

   

  
Variable 

1 
Variable 

2 

Mean 61.69294 56.58976 

Variance 5.738854 12.45577 

Observations 10 10 
Hypothesized Mean 
Difference 0  
df 16  
t Stat 3.783293  
P(T<=t) one-tail 0.000815  
t Critical one-tail 1.745884  
P(T<=t) two-tail 0.001629  
t Critical two-tail 2.119905   
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The one-sided hypothesis test results were developed to determine if there is a 

discernible trend with UTS as layer height changes. The one-sided test allow the team to discern 

statistical trends among the data. This information shows that as layer height decreases, an 

increase in UTS is expected. 

 

 

Hypothesis Test #1 

H0 : UTS for A at 0.12 = UTS for A at 0.20 

H1 : UTS for A at 0.12 > UTS for A at 0.20 

 

t-Test: Two-Sample Assuming Unequal Variances 

   

  
Variable 

1 
Variable 

2 

Mean 61.69294 62.708 

Variance 5.738854 12.1736 

Observations 10 10 
Hypothesized Mean 
Difference 0  
df 16  
t Stat -0.75843  
P(T<=t) one-tail 0.229612  
t Critical one-tail 1.745884  
P(T<=t) two-tail 0.459223  
t Critical two-tail 2.119905   
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Hypothesis Test #2 

H0 : UTS for A at 0.12 = UTS for A at 0.28 

H1 : UTS for A at 0.12 > UTS for A at 0.28 

 

t-Test: Two-Sample Assuming Unequal Variances 

   

  
Variable 

1 
Variable 

2 

Mean 61.69294 56.58976 

Variance 5.738854 12.45577 

Observations 10 10 
Hypothesized Mean 
Difference 0  
df 16  
t Stat 3.783293  
P(T<=t) one-tail 0.000815  
t Critical one-tail 1.745884  
P(T<=t) two-tail 0.001629  
t Critical two-tail 2.119905   

 

 

Hypothesis Test #3 

H0 : UTS for A at 0.20 = UTS for A at 0.28 

H1 : UTS for A at 0.20 > UTS for A at 0.28 

 

t-Test: Two-Sample Assuming Unequal Variances 

   

  
Variable 

1 
Variable 

2 

Mean 62.708 56.58976 

Variance 12.1736 12.45577 

Observations 10 10 
Hypothesized Mean 
Difference 0  
df 18  
t Stat 3.898524  
P(T<=t) one-tail 0.000526  
t Critical one-tail 1.734064  
P(T<=t) two-tail 0.001053  
t Critical two-tail 2.100922   
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A final hypothesis test is done to compare to the two highest UTS print conditions to 

confirm the best print prevention is statically significant. This comparisons is between the print 

at orientation A with a layer height of 0.2 and orientation D with a layer height of 0.12 mm. This 

shows that with this data set D at 0.12 mm has the best overall UTS material response. 

 

H0 : UTS for D at 0.12 = UTS for A at 0.20 

H1 : UTS for D at 0.12 > UTS for A at 0.20 

 

t-Test: Two-Sample Assuming Unequal Variances 

   

  
Variable 

1 
Variable 

2 

Mean 67.0569 62.708 

Variance 7.855034 12.1736 

Observations 10 10 
Hypothesized Mean 
Difference 0  
df 17  
t Stat 3.072938  
P(T<=t) one-tail 0.003446  
t Critical one-tail 1.739607  
P(T<=t) two-tail 0.006893  
t Critical two-tail 2.109816   
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Appendix G. The Uncertainty Calculations and Analytical Results 

 

Uncertainty is important to quantify as the data in the user will need to know how 

accurate the data developed for the motor is. To begin the uncertainty is present in the 

measuring devices themselves. This means that these uncertainties will be present in the values 

of the measured dimensions (𝑊𝑐, 𝑇), and the force recorded by the Instron (𝐹). 

 

𝜔wc =  ± 0.00001 𝑖𝑛 = 3.937 𝑥 10−7 mm 

𝜔T =  ± 0.00001 𝑖𝑛 = 3.937 𝑥 10−7 mm 

𝜔P =  ± 0.0001 𝑘𝑔𝑓 = 9.80665 𝑥 10−4 𝑁 

 

The general equation for uncertainty shown below. In this equation the sensitivity of a 

result variable with respect to the desired uncertainty 
𝜕𝑅

𝜕𝑥𝑛
 and the uncertainty in that 

measurement 𝜔𝑛. 

𝜔𝑅 = [(
𝜕𝑅

𝜕𝑥1
𝜔1)

2

+ (
𝜕𝑅

𝜕𝑥2
𝜔2)

2

+  ⋯ + (
𝜕𝑅

𝜕𝑥𝑛
𝜔𝑛)

2

]

1/2

   

 

Engineering Stress 

 

The engineering stress can be described by the equation: 

 

𝜎 =
𝐹

𝐴
=

𝑃

𝐴
=  

𝑃

𝑊𝐶 ∗ 𝑇
= 𝑃 ∗ 𝑊𝐶

−1 ∗ 𝑇−1 

 

The variable sensitivities are: 

 

𝜕𝜎

𝜕𝑃
=  

1

𝑊𝐶 ∗ 𝑇
= 𝑊𝐶

−1 ∗ 𝑇−1 

𝜕𝜎

𝜕𝑊𝐶
=

−𝑃

𝑊𝐶
2 ∗ 𝑇

= −𝑃 ∗ 𝑊𝐶
−2 ∗ 𝑇−1 

𝜕𝜎

𝜕𝑇
=  

−𝑃

𝑊𝐶 ∗ 𝑇2
= −𝑃 ∗ 𝑊𝐶

−1 ∗ 𝑇−2 

  

The uncertainty equation in the UTS is: 

𝜔𝜎 = [(
𝜕𝜎

𝜕𝑃
𝜔𝑃)

2

+ (
𝜕𝜎

𝜕𝑊𝐶
𝜔wc)

2

+  (
𝜕𝜎

𝜕𝑇
𝜔T)

2

]

1/2
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When the dimensions for each of the samples (shown in Appendix B) are plugged into 

the equation, the results are shown in Table 6.  

 

Table 6: The uncertainty of UTS determination. 

Sample # Max Uncertainty in Sample 

(MPa) (Pa) 

1 9.616E-05 96.159 

2 9.618E-05 96.181 

3 9.613E-05 96.126 

4 9.607E-05 96.070 

5 9.616E-05 96.160 

6 9.604E-05 96.038 

7 9.613E-05 96.129 

8 9.604E-05 96.042 

9 9.611E-05 96.111 

10 9.606E-05 96.056 
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Appendix H. Reading Ashby Charts 

 

Establishing A Guideline 

 

To keep the same effect of the loading conditions in the tensile test, an equation must be 

used to develop a guideline to be used with the Ashby chart. This equation relates the loading 

conditions as it effects the stiffness (Young’s modulus), strength, density, etc.  

 

Young’s Modulus Guideline 

 

The geometry of the sample can be described in the equations below. The volume is 

represented as a simple rectangular prism and the cross sectional area A is represented as a 

simple rectangle. 

 

𝑉 = 𝑙 ∗ 𝑤 ∗ 𝑡 

𝐴 = 𝑤 ∗ 𝑡 

 

The mass of the sample is the product of the density of the material and the volume of 

the sample. 

𝑚 =  𝜌 ∗ 𝑉 

 

This can be further simplified by subbing in the volume equation and rearranged. 

 

𝑚 = 𝜌 ∗ 𝑙 ∗ w ∗ t 

 

𝑤 =
𝑚

𝜌 ∗ 𝑙 ∗ 𝑡
 

 

Now consider the elastic region of the stress strain curve exhibits the following relationship. 

 

𝜎 =  𝜀 ∗ 𝐸 

 

This can then be rewritten using engineering stress and strain. The 𝛿 represents the 

displacement and the F represents the force. 

 

𝐹

𝐴
=

𝛿

𝑙
𝐸 
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This can be rewritten as: 

𝛿 =  
𝐹 ∗ 𝑙

𝑤 ∗ 𝑡 ∗ 𝐸
 

 

 

Now the equation for the width, w, can be subbed in: 

 

𝛿 =  
𝐹 ∗ 𝑙2 ∗ 𝜌 ∗ 𝑡

𝑚 ∗ 𝑡 ∗ 𝐸
 

 

Finally, the mass can be isolated to achieve: 

 

m =  
𝐹 ∗ 𝑙2 ∗ 𝜌 ∗ 𝑡

𝛿 ∗ 𝑡 ∗ 𝐸
  

 

m =  
𝐹 ∗ 𝑙2

𝛿
 ∗

𝜌

𝐸
  

 

The terms collected on the left side of this mass formula are constants. This means that the 

relationship for mass can be described by: 

 

𝒎 = 
𝝆

𝑬
 

 

 

Strength Guideline 

 

The strength guideline can be derived by following a similar derivation as before. Instead 

of dissolving the stress into force and area it can be left as is. Once simplified the equation 

becomes: 

 

m =  (𝐹 ∗ 𝑙) ∗
𝜌

𝜎
 

 

Therefore, the resulting relationship between mass and strength is: 

 

𝒎 = 
𝝆

𝝈
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Strain-Energy Guideline 

For Figure 10, an equation relating strain energy, w, to strength, σ, and Young’s Modulus, 

E, was required. The following relationship was used because strain energy is directly related to 

the area under the linear elastic region of the stress strain graphs. 

 

𝑤 =
1

2
∗ 𝜎 ∗ 𝜀 

 

Additionally, the relationship between Young’s Modulus, E, strength, σ, and strain, ε was 

used. 

𝐸 =
𝜎

𝜀
 →  𝜀 =

𝜎

𝐸
  

 

Substituting the above relationship into the strain energy equation gives the final 

relationship (in red) which determined the trend line used in the Ashby chart for Figure 10. 

𝑤 =
1

2
∗ 𝜎 ∗

𝜎

𝐸
=

1

2
∗

𝜎2

𝐸
 

Thus, the resulting relationship used for the Ashby chart guideline is 

𝑤 =
𝜎2

𝐸
 

 

Using the Ashby Chart 

 

Figure 18 gives an example of how the Ashby charts were used to make material 

recommendations. The data point from the team’s collected data for PLA was plotted. In this 

case, it was a strength of 60 MPa and a density of 1200 kg/m3. Next, the regions with worse 

performance in the examined material characteristics were eliminated. In this figure, strength 

was maximized (all weaker materials were eliminated), and density was minimized (all higher 

density materials were eliminated). The guideline for the relationship being examined is then 

swept through the remaining materials to find the one that maximized strength and minimized 

the density. This material was PA for Figure 18. 
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Figure 18: The Ashby chart used to find. (ANSYS Granta, 2020) 
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