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ABSTRACT 
 

 

Carbon nanotube (CNT) fibers or yarns are very promising materials for many 

applications.   Strong interactions among individual CNTs could produce a dense yarn and result 

in exceptional properties. CNT yarns are potentially used in the application of high-performance 

reinforcement for composites. As the reinforcement, the primary function is to provide 

outstanding load bearing capability. However, mechanical properties of CNT yarns currently 

reported in literatures used a variety of measurement techniques and gauge lengths that have not 

been uniform for CNT yarn tests. The need for a standardized testing method for characterization 

is necessary in generating reproducible and comparable data for CNT yarn or fiber materials 

In this work, the tensile properties of CNT fibers were characterized using three different types 

of tensile test methods: the film and fiber test fixtures from dynamics mechanic analysis (DMA), 

and a micro-tensile stage (TS 600 tensile fixture). Samples that underwent the film and TS 600 

tensile fixture were attached with a thick paper tabbing methodology based on ASTM standard 

D3379. The fiber fixture test was performed with the test material attached directly to the fixture 

based on the fiber test instruction from TA Instrument. The results of the three different methods 

provided distinct variance in stress, strain, and modulus results largely due to the difficulties and 

uncertainty of sample preparation and clamping method and consistency. A factorial design of 

experiment (DOE) study was conducted to study the effects of different test methods.  A custom-

made fixture using 3D printing approach was developed to reduce variations of the test results.  

The results of the study provide preliminary understandings of the effects of test methods and 

sample preparation on CNT yarn properties. 



 

1 
 

CHAPTER 1  

 

INTRODUCTION 
 

 

 Motivated by the high performance properties of carbon nanotubes (CNT) such as 

exceptional mechanical, electrical and thermal conductivity, CNT science has been the epitome 

in the past 25 years [1,2]. Carbon nanotubes can be identified by the number of walls, single-

walled carbon nanotubes (SWCNT) and multi-walled carbon nanotubes (MWCNT). 

Theoretically, these different types of nanotubes can host outstanding tensile strength, values as 

high as 200 GPa and 63 GPa respectively [3,4]. Exploring the extent of CNT development, has 

led to the creation of CNT yarn. CNT yarn can be bundles of CNT forests spun together along 

the axis of the fiber. Within recent years, a considerable amount of interest, due to their 

aforementioned properties, in using carbon nanotube yarn for aerospace applications [5-8]. Due 

to the strong carbon-carbon single bonds along the axis of the nanotube and the weaker van der 

Waals forces that account for the perpendicular attraction, the nanotube is highly anisotropic. 

This highly anisotropic behavior presents a barrier for a consistent testing methodology. 

 In 1932, Staudinger studied several key fundamental aspects of  a microstructure to 

determine a material’s mechanical properties [9]. Since then, this has led to a focus on ideal 

packing concept to achieve the maximum performance Ideal packing or perfect packing of atoms 

or molecules can lead to maximizing properties by increasing the amount of covalent bonds, in 

return increasing properties such as strength and stiffness [2]. This principle is same to apply on 

CNT yarn case in this study.  

 The primary mechanical functions that will be studied are tensile strength, Young’s 

modulus, and failure strain in this study. The experiment study will be conducted based on 

ASTM standard D3379-75 and previous literature of CNT yarn tensile testing. ASTM D3379-75 

covers the preparation, mounting and testing of a high modulus single filament fiber [11]. The 

three functions are measured under uniaxial tensile load, which will rely on the primary covalent 

bonds of the CNT chain to generate the best possible results. The equations for tensile strength, 

failure strain and Young’s modulus are represented in Equations 1.0.1, 1.0.2 & 1.0.3 respectively 

[11].  



 

2 
 

  � = �� (1.0.1) 

 � = � − ����  
(1.0.2) 

 = ��  (1.0.3) 

 

 

Tensile strength (σ) is a function of the force applied divided by the area of the gauge and 

is measured in N/mm2 or MPa [11]. The failure strain (ε) is the ratio of the differential of total 

elongation over the original gauge length, which for this experiment is 10mm. The failure strain 

is most commonly reported in percentage [11]. The Young’s modulus (E) quantifies that 

phenomenon which is directly related to a material’s stiffness. This research will focus on 

engineering stress and strain, which assumes the cross sectional area does not change 

substantially [11].    
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CHAPTER 2 

 

PROBLEM STATEMENT AND RESEARCH OBJECTIVES 
 

 

2.1 Problem Statement 
 

 In literatures, the methodology for testing CNT yarn contrasts substantially. The reasons 

can be various such as training, experience, equipment availability, cost, or even personal 

preference. Yet with different views brings about difficulty in comparable data. Test data can 

differ in gauge length, from 1 mm [11] to 30 mm [12]. As CNT development has grown, it is 

known that CNT length and aspect ratio host a direct impact on mechanical performance due to 

stress transfer and defect density [1]. Testing equipment and setup can lead to changes in data 

and reproducibility of the tests. CNT yarn test requires proper equipment and procedure in order 

to produce accurate data due to their high porous and dramatic changes of microstructures under 

stress and strain, which has not been well studied [14].  

2.2 Research Objectives 
 

 This research is to perform and analyze three methods of tensile property tests of CNT 

yarns to understand their effects on the test results. The three methods are DMA fiber fixture 

testing, DMA film fixture measurement and TS 600 tensile fixture. Once performed accurate 

testing parameters, the raw data is analyzed and interpreted to find mechanical properties such as 

stress, strain, and modulus properties. The resultant data is then statistically tested for 

reproducibility and findings are plotted for distribution. Statistical distribution identification is an 

essential part of material manufacturing and quality control. The results will allow us to develop 

proper test methods and setups for CNT yarn materials.  The detail objectives include 

1. Study three different test methods and fiber test approaches. 

2. Setup the experiments and conduct CNT yarns and control sample (Carbon fiber and 

fiberglass) tests as well as DOE study of the tests. 

3. Data analysis was performed using a combination of statistical software. Minitab and 

Design Expert were used for analysis of variance (ANOVA) testing and design of 

experiment interpretation.  

4.  Propose the improved test protocol of CNT yarn tensile properties. 
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CHAPTER 3  

 

LITERATURE REVIEW 
 

 

3.1 High-Performance Carbon Nanotube Fiber 

 
 Dr. Alan Windle and his group published the property study of high-performance carbon 

nanotube fibers in Science Magazine in December 2007 [2]. The work primarily focuses on the 

change in winding rates during CNT collection in order to study fiber density and mechanical 

properties. The process used to produce CNT yarn was spinning directly and continuously 

through a gas phase as an aerogel [2].  

 Working under the supervision of Dr. Alan Windle, the team at The University of 

Cambridge explored the properties of various gauge lengths of CNT yarn. The team focused on 

producing results using the metric of N/Tex. Tex is the linear density in g/km, the unit is most 

commonly used in the textile and fiber industry [2]. Utilizing Tex does not take into account of a 

fiber’s thickness or diameter, but rather the total mass over the total 1000 m length. Data 

measured in Tex is not entirely comparable to engineering stress vs strain graphs. Stress is the 

force along the cross-section of a material, without the thickness, total area cannot be calculated. 

Figure 1b) displays the specific stress-strain curve of a 20 mm gauge sample. The fiber’s 

mechanical properties are measured in GPa/SG, this is numerically equivalent as N/Tex [2]. 

Linear density was measured by weighing a fixed length on a sub-micro balance [2]. The linear 

density was varied based on the recorded calculations found in Figure 1a).  

 

Figure 1: A) Linear density determination through processing CNT yarn at different winding rates; B) Specific 

stress vs strain of a densified fiber and non-densified (as drawn) fiber [2] 
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 The 20 mm gauge with densified features produced an average value of 1 GPa/SG 

(N/Tex) [2]. While the 20 mm gauge produced ideal results, the team was able to achieve 

maximal strength given a smaller gauge length of 2 mm, producing average strength as high as 

6.5 GPa/SG [2]. The change in strength on a smaller gauge length is evident, reaching a 

magnitude higher than 5 times the larger gauge length. While their experimental procedure was 

not stated in the work, the focus of attention is placed on Dr. Windle and his group’s application 

of linear density in a stress calculation. It is difficult to know the accuracy when converting their 

values into MPa unit due to possible large variations of material density. 

3.2 Carbon Nanotube Yarns with High Tensile Strength Made by a Twisting and Shrinking 

Method 
 

 Spearheaded by Kai Liu at Tsinghua University in Beijing, China, a method of 

mechanical testing of shrunk and non-shrunk CNT yarns was studied [15]. The samples tested 

are spun, multiwall CNT yarn. The diameter of the yarn samples were identified using a 

scanning electron microscope (SEM) [15]. Mechanical properties were discovered and recorded 

using an INSTRON 5848 Micro Tester while samples hosted a gauge length of 20 mm and a 

strain rate of 0.4 mm/min [15].  Figure 2A is the results of five sample test of various diameters 

of yarn.  

Table 1: Test setup and mechanical properties of shrunk and un-shrunk CNT yarn [15] 

Gauge 

Length (mm) 
Speed Strength 

Modulus 

(GPa) 
Strain 

Test 

Method 

20 0.4 mm/min 
(2%/min) 

1.95 GPa 120-200 
GPa 

2.30% Direct to 
Clamp 

 
 

As displayed in Figure 2A, the yarn samples reach their highest mechanical properties 

just above 10 µm in diameter, resulting in values just above 1 GPa. Figure 2B is an interpretation 

of the average values of the CNT yarn at 11.5 µm and 9.7 µm diameter [15]. The data presented 

from this report does analyze the yarn from an aspect of cross sectional area, which is most 

desirable when focused on optimizing thickness and weight for commercial application. 

However, the specification of sample preparation remains unknown. The sample can be directly 
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tabbed to the clamping force or was the sample tabbed on thick paper to avoid the highest strain 

occurring along the sample and clamp interface. 

 

Figure 2: A) Demonstrates the tensile strength at different diameters of shrunk and non-shrunk yarn; B) Stress 

strain plot of the optimal diameter found at 11.5 µm [15] 

 

3.3 Axial Tensile Testing of Single Reinforcement Fiber 

 Different than the previous literature reviews, mechanical property tests of carbon and 

glass fiber samples were conducted based on standards. Prasanna Kumar Ilankeeran at the Indian 

Institute of Technology in Kanpur, India performed fiber tests using ASTM D3379-75 standards 

as well as the utilization of a tabbing methodology prior to loading the sample, shown in Figure 

3. Both carbon fiber and glass fiber samples were set to a 25 mm gauge length [16].  

Table 2: Test setup and mechanical properties of carbon fiber and glass fiber [16] 

Gauge 

Length 

(mm) 
Speed Strength (GPa) Modulus (GPa) Strain (%) 

Test 

Method 

25 - 
3.032 (Carbon) 
2.036 (Glass) 

246.7 (Carbon) 
93.3 (Glass) 

1.37 (Carbon) 
2.24  (Glass) 

Paper 
Tabs 

 
 

 

Figure 3: A sample tab for mechanical testing of single filament fibers [16] 
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 This tabbing procedure allows for minimum stress to occur along the interface of the 

clamp and sample. This tab focuses the fracture to occur within the gauge, generating accurate 

data of the sample material. Each sample was loaded unto an INSTRON machine to simulate an 

axial force at a cross-head speed of 0.2 mm/min [16]. Table 3 is the mechanical results of the 

data recorded for both carbon fiber and glass fiber samples.  

Table 3: Conclusion of mechanical properties of carbon and glass fibers [14] 

 
 
 

 The average modulus for both carbon and glass fiber proves a stiff material with values 

of 246.72 GPa and 93.32 GPa, respectively [16]. These values are not only high, but generate a 

low standard deviation of 5.87% and 5.11% respectively [16]. This form of testing has produced 

statistically reproducible data due to the nature of the sample preparation taken place. 

3.4 Strong Light, Multifunctional Fibers of Carbon Nanotubes with Ultrahigh Conductivity 
 

 Under the supervision of Dr. Matteo Pasquali, this work provides an in depth analysis of 

spun CNT fibers while reporting properties such as specific strength, stiffness, thermal and 

electrical conductivity [1]. Applying focus to the mechanical testing, 15 samples were generated 

using 20 mm long CNT yarn fibers cut from large spools [1]. The diameter of these fibers was 

found using a SEM [1]. An example of the packing microstructure of the CNT yarn 

experimented upon is shown in Figure 4. 

Analysis of the CNT yarn proved successful with an average tensile strength value of 1.0 

± 0.2 GPa, average modulus of 120 ± 50 GPa, and average elongation of 1.4 ± 0.5 % [1]. In 
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relation to the standard deviation associated with each value, these results are desirable due to 

their low standard deviation. 

Table 4: Test setup and mechanical output for ultrahigh conductivity CNT yarn [1] 

Gauge 

Length 

(mm) 
Speed 

Strength 

(GPa) 
Modulus 

(GPa) 
Strain (%) 

Test 

Method 

20  - 1.0  120  1.4  Paper Tabs 

 

 

Figure 4: An SEM of the aligned nature of individual carbon nanotubes within CNT yarn [1]
  

 
  

3.5 Summary of Literature Review Results 
 

 Beyond recognizing the articles reviewed in the previous sections, more publications were 

studied in order to gain a greater knowledge for the current trends in mechanically testing carbon 

nanotube (CNT) yarn. We found that 12 recent publications were acknowledged for their detailed setups 

in testing CNT yarn. Among each source, various degrees of parameters were identified. The most 

prevalent change in parameters occurred in the gauge length, strain rate, and fixture methodology. Figure 

5, is a summary graph of the first authors and the respective gauge lengths from those researches.  

 Given the graphical representation provided in Figure 5, a clear identification of non-

uniform gauge lengths is evident. While reasons such as the user’s availability to a particular 

machine can determine the difference among most of these values, problems generate when 

comparing the failure strength of a 1 mm gauge to a 50 mm gauge, whose values are 5.9 GPa and 
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0.209 GPa respectively. The 1 mm gauge performs with outstanding results, it is given a much 

lower defect ratio than that of the higher gauge length. While this is just one concern, there are 

differences among standard sample preparing procedure. A CNT yarn is highly anisotropic and 

porous by microstructure and requires suitable fixtures or tabs to perform a test for the strength 

of material. Figure 6 identifies the percent of types of fixture and tab methodology utilized in the 

aforementioned literature review. 

 

Figure 5: Differential of gauge lengths found in CNT yarn mechanical testing publications [2,5,13,15,17-22] 

 

 

 

Figure 6: Pie chart of sample fixture method among 12 publications [2,5, 13,15,17-22] 
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 The paper tabs method is the most commonly used due to the current ASTM D3379 

standard on tensile testing high modulus single-filament material [10]. This method does provide 

repeatable results, but can be difficult for the user to prepare a sample. The direct clamping 

method must have a fiber testing mount. Without this mount the fiber will tend to break along the 

fiber-fixture contact which is found to be undesirable. While the glue and plastic covered grips 

method are deviations of the paper tabs and direct to clamp method. The difference in fixture 

method is determined by ease of use and reproducibility. The fixture and tab parameter will be a 

significant factor in optimizing the testing parameters further in this analysis.  
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CHAPTER 4 

 

CHARACTERIZATION SETUP 
  

 

  Diameter of the CNT yarn, Nanocomp Technologies Item 100190, was viewed using a 

field emission scanning electron microscope (JSM-7401F, JEOL Co.). Images were taken at 10 

kV and a working distance of 7 mm. 

Mechanical property tests were conducted using the DMA Q800 machine (TA 

Instruments Inc.) using the film and fiber modes with a constant frequency of 1 Hz at room 

temperature (25˚C). Specimen gauge length for testing was controlled at 10 mm. Tensile 

properties were calculated from the stress-strain curves with preloaded force of 0.001 N and 

force ramp of 0.2 N/min. Mechanical property tests were also performed on the Anton Paar TS 

600 micro tester using a film mode with a constant frequency of 1 Hz at room temperature (25 

˚C). Tensile properties were estimated from the stress-strain curves with preloaded force of 0.001 

N and strain ramp of 2 %/min. 
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CHAPTER 5  

 

SAMPLE PREPARATION 
 

 

Sample preparation only occurs among samples being tested using a DMA film fixture 

and the TS 600. Similarly to the tabbing methodology associated with the work of Ilankeeran and 

ASTM D3379-75, the CNT yarn was attached to a sandpaper tab of 1200 grit size such that the 

clamping force only produced stress along the tab and adhesive [10,16]. Figure 7 is a generated 

picture of the tab used during the film test runs.  

 

 

Figure 7: An illustration of the tab used for mechanical testing on the film and TS 600 tensile fixture 

 

 

 Diameter of the CNT yarns were measured by taking 4 random samples of 10 mm at 

various lengths in the spool, samples were measured at 10 points on the SEM. A total 40 data 

points were collected leading to an average diameter of 58.694 ± 10.506 µm. Figure 8 is an 

example of the CNT yarn under a 370X magnification. Low magnification was used in order to 

retain a sharp picture for high accuracy.  
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Figure 8: Spun CNT yarn under a low magnification SEM 

 

 

The fixture systems tested for the experiments are the film fixture, fiber fixture and TS 

600 tensile fixture, all displayed in Figure 9. The film and TS 600 tensile fixture utilize two 

horizontal bars to clamp the sample. The film fixture has a fixed unit as one unit applies a tensile 

load. The TS 600 tensile fixture has no fixed axis and applies force in two equal and opposite 

directions. The fiber fixture applies force in an identical mechanism as the film fixture. The 

difference between the film and fiber fixture is the sample clamping apparatus. The fiber fixture 

works by tightening 4 locations about the sample in an attempt to maintain optimal vertical 

conditions.  

 

Figure 9: A) the film fixture B) the fiber fixture C) the TS 600 tensile fixture 
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 The DMA requires a clamp calibration for each time if a change in the fixture occurs. 

While the DMA does not require clamp calibration before running specimens, clamp calibration 

is applied before each set of testing specimens. The fiber fixture only requires the use of the steps 

1 & 2, while the step 3 is only applicable to the film fixture [23]. The clamp calibration occurs in 

3 steps: 

1. Mass Calibration: The clamp without a specimen is calibrated to compensate for the mass 

of the clamp to ensure accurate force is being applied [23].  

2. Zero Calibration: The clamp must determine the point at which length is zero. No 

specimen is loaded as the lower fixture reaches the top fixture [23].  

3. Compliance Calibration: Using a steel gauge block, the calibration sample is loaded and 

compressed to test the accuracy of a fixed length. Once the fixed length is determined, a 

thin steel sample is loaded with known width and thickness. The length is varied to a 

desired amount. A tensile test is performed on the elastic region of the calibration sample. 

Once the calibration sample reaches a fixed load based on machine capability, the run 

stops and an output of total calibration is available for review [23].  

The TS 600 film fixture does not require the user to perform a calibration before 

use. The operator manual states the clamp is “calibration free” [24]. While the manual 

does identify this model as a calibration free clamp, calibration is available and applied 

before each series of runs. The TS 600 film fixture calibration is broken into 2 steps: 

1. Zero Calibration: The clamp determines the point at which the gauge is at zero value in 

length [24].  

2. Clamp Compliance: A steel gauge block, with a known length, width and thickness, is 

fixed into the clamp’s location as the clamps are removed. The gauge block is run under 

uniaxial load to a pre-determined force. The gauge block is then returned back to the zero 

location and is removed for user specimen testing to begin [24].  
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CHAPTER 6  

 

RESULTS AND DISCUSSION 

 

 
6.1 Film Fixture Method 

 

 The DMA 800 can produce data contributing to strength and strain while adjusting to a 

low strength material. Using the film fixture, 30 samples were prepared using the 

aforementioned paper tab. Once each sample was tested, the corresponding data was interpreted 

and generated test results. Figure 10 represents the cumulative stress strain graphs of each run.  

 

Figure 10: A cumulative stress vs strain graph of samples tested using a film fixture 

 

 

 As shown in the graph a trend can be seen. The CNT yarn does react similar to 

buckypaper, producing a clear elastic deformation zone which smoothly enters into plastic 

deformation to ultimately fracture [3]. Average tensile strength was identified to be 375.50 ± 

69.23 MPa (highest value: 502.83 MPa), average strain was 10.53 ± 4.16% (highest value: 

18.37%), and average modulus 11.755 ± 1.827 GPa (highest value: 16.404 GPa). Although 

modulus does host the highest standard deviation, the R2 was discovered to be 0.967 ± 0.0369. 

Further analyzing the trend data, stress, strain and modulus were plotted for goodness of fit. 

Figures 11, 12 & 13 are the generated results.  

0

100

200

300

400

500

600

0 5 10 15 20

S
tr

e
ss

 (
M

P
a

) 

Strain (%) 

Cumulative Stress vs. Strain Film Fixture 



 

16 
 

2500200015001000

99

90

50

10

1

Stress
P

e
r
c
e

n
t

20001000

99

90

50

10

1

Stress

P
e

r
c
e

n
t

20001000

90

50

10

1

Stress

P
e

r
c
e

n
t

20001000

99

90

50

10

1

Stress

P
e

r
c
e

n
t

Weibull

A D = 0.225 

P-V alue > 0.250

Gamma

A D = 0.288 

P-V alue > 0.250

Goodness of F it Test

Normal

A D = 0.173 

P-V alue = 0.921

Lognormal

A D = 0.421 

P-V alue = 0.304

Probability Plot for Stress

Normal - 95% C I Lognormal - 95% C I

Weibull - 95% C I Gamma - 95% C I

 

Figure 11: Maximum stress (MPa) data is plotted to determine the probability identification of the film fixture 

 

 

 As shown, 4 distributions are tested among one another to determine the distribution of 

the failure of the CNT yarn samples, those being normal, lognormal, Weibull, and Gamma. 

Ideally the points must remain within the constraints generated by the upper and lower blue lines. 

Within this data, the p-value at the normal distribution is closest to 1, assessing this strength 

proerty to follow the normal distribution.  
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Figure 12: Maximum strain data is plotted to determine the probability identification of the film fixture 

 

 

 Similarly to the previous plot discussion, the strain goodness of fit test was tested against 

four distributions as shown in Figure 12. Within this analysis two graphs depict the most 
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probable distribution, those being the Gamma and lognormal distribution. Yet, due to the in-

accurate p-value reading, the lognormal distribution is chosen due to exact value closest to 1.  
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Figure 13: Modulus data is plotted to determine the probability identification of the film fixture 

 

 

 The modulus results were calculated by plotting the raw data along the materials linear 

proportion ranging from 0.03% - 0.05%. The modulus plot does not follow a fit as well as the 

previous stress and strain plots. The best fit probability plot is the lognormal distribution due to 

the highest p-value of 0.259. Although the p-value is low, the data points all fall within an even 

lognormal skew and within the extents of the confidence interval.  

 
6.2 DMA 800 – Fiber Fixture 

 

 Unlike the film fixture, the fiber fixture can save the user time by hosting the adaptability 

to attach the sample directly to the clamp. As time is a valuable asset to any work, a question 

remained: does a quick setup time outweigh the possibility of variable results? Figure 15 is a 

cumulative graph of 30 samples of CNT yarn tested using the fiber fixture.  

 Previously, the film fixture produced curves of smooth elastic deformation entering 

plastic deformation. Figure 14 makes clear that proper tabbing is necessary to produce accurate 

results when mechanically testing CNT yarn. While many of the fiber fixture curves do follow a 

typical stress – strain curve, comparative to the film fixture, there is apparent slippage shown by 

the deviations in the smoothness of curves. The average maximum stress was discovered to reach 

116.49 ± 67.85 MPa (the highest value: 223.74 MPa). The average maximum strain was 
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discovered at 8.95 ± 7.42% (the highest value: 25.53%). The average Young’s modulus was 

discovered at 3.27 ± 2.40 GPa (the highest value: 12.27 GPa). Further examination of sample 

failure, it was identified most samples did break along the clamp and material interface. These 

results are not valid upon the accuracy of the testing equipment, but do reflect the tendency of 

CNT fibers to fracture when exposed to perpendicular force, such as clamping force. This is true 

due to their highly anisotropic microstructure behavior.  

 

Figure 14: 30 sample cumulative graph of mechanical testing using the fiber fixture 
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Figure 15: Maximum stress data is plotted to determine the probability identification of the fiber fixture 
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 Comparing to the previous tensile stress data analysis using the film fixture, the results of 

the fiber fixture test data are well beyond the confidence intervals’ upper and lower bounds. This 

is consistent with the raw data due to the high standard deviation. Figure 15 represents the 

highest p-value probability functions among the maximum stress raw data. Although using a 

probability distribution does not generate a high p-value, the data does relate similarly to the 

previous data which states the max stress does follow a normal distribution.  
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Figure 16: Failure strain data is plotted to determine the probability identification of the fiber fixture 

 

 

 The failure strain of the CNT yarn samples on the fiber fixture produce more conclusive 

results than the probability analysis of the stress analysis of using the fiber fixture. This can be a 

result of the low standard deviation. However, the variance among the data population still 

accounts for a low p-value of 0.259.  

The Young’s modulus produces the least variable data among all three probability 

identifications, as shown in Figure 17. The modulus is among the only distribution to have 

discovered an exact p-value, thus determining the probability to follow a lognormal distribution. 

The lognormal distribution is also consistent with the previous film fixture modulus analysis. 
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Figure 17: Young's modulus data is plotted to determine the probability identification of the fiber fixture 

  

6.3 TS 600 Tensile Fixture 

 The TS 600 tensile fixture is capable of being transported to be used with or without the 

X-Ray Spectrometer at the open atmosphere experimentation. Unless the TS 600 tensile fixture 

is used inside the X-Ray spectrometer, the sample is exposed to the conditions of a lab, which 

can be various factors such as moisture, temperature and vibration. Similar to the film and fiber 

fixture, 30 samples were tensile tested. Figure 18 provides the cumulative graph of all 30 

samples that were tested among uniaxial stress.  

 

Figure 18: 30 sample cumulative graph of mechanical testing using the TS 600 tensile fixture 
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 Figure 18 does provide more than just material mechanical information, it also provides 

machine capabilities. Unlike the smooth graphs represented by the film and fiber fixture, the TS 

600 tensile fixture data is showing a large variation, which is a representation of the program 

data collection software. In this case, the data collection occurs at a slower rate than the fixtures 

performed on the DMA, therefore there were more missing initial strain. More than just 

graphical aesthetics, more data points allow for precise analysis of a material’s mechanical 

reaction to an increasing applied load. The average maximum tensile stress was determined to be 

381.63 ± 85.62 MPa (highest value: 516.22 MPa). The average failure strain was determined to 

be 8.64 ± 3.20 % (highest value: 14.41 %). Young’s modulus average was calculated to be 9.65 

± 3.20 GPa (highest value: 18.67 GPa). 
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Figure 19: Tensile stress data is plotted to determine the probability identification of the TS 600 tensile fixture 

 

 

Figure 19 represents the best raw data received from measuring maximum stress achieved 

on the TS 600 tensile fixture. Similar to the previous fixtures the two best fit probabilities are the 

normal and lognormal distributions. However, in the case for the TS 600 tensile fixture, the 

maximum stress best fits the lognormal probability plot determined by the highest p-value of 

0.274.  
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Figure 20: Failure strain data is plotted to determine the probability identification of the TS 600 tensile fixture 

 

 

 The failure to strain probability identification is plotted among the top 4 closest 

distribution fits in Figure 20. The failure to strain best follows a lognormal fit given by the p-

value of 0.320. This probability identification is the only consistent distribution fit among all 

three fixture systems. Due to the slower data collection software, missing data in the strain 

property is evident, thus the results are not considered accurate.  
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Figure 21: Young's modulus data is plotted to determine the probability identification of the TS 600 tensile fixture 
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 Furthermore, Figure 21 represents the Young’s modulus probability distribution of the 

data set. The lognormal TS 600 tensile fixture distribution is the highest among all values and all 

previous data sets given by the p-value of 0.909. This is due to the low standard deviation among 

the raw data.  

6.4 Summary of Baseline Analysis 

 The purpose of conducting the preliminary experiment and analysis is to investigate the 

three individual fixture systems to further asses the capability to collect mechanical property data 

of CNT yarn. Each fixture system had to be meticulous in order to account for the low strength 

necessary to test small diameter samples. Table 5 is the summary of mechanical data of all three 

fixture systems. The results help distinguish the proper apparatus to perform a design of 

experiment. 

Table 5: cumulative mechanical data given 30 samples on each fixture 

 
 
 
 The cumulative data identifies the Fiber fixture as the least likely fixture to attain 

repeatable results. Not only does the standard deviation amount for more than 50% of the mean, 

the p-values among all probability identifications are the lowest, suggesting the least amount of 

confidence in future sample values. The smallest standard deviation percentage generates from 

the film fixture. The film fixture does not only host the smallest standard deviation among all 

categories, but the highest average value in 2 of 3 mechanical properties, with the exception of 

stress. The strength had the highest average value given by the TS 600 tensile fixture, but the p-

values are low compared the film test. 

  

Probability P-Value Probability P-Value Probability P-Value

Film 375.50 ± 69.23 Normal 0.92 10.53 ± 4.16 Lognormal 0.89 11.76 ± 1.83 Lognormal 0.26

Fiber 116.49 ± 67.85 Normal 0.05 8.95 ± 7.42 Exponential 0.26 3.27 ± 2.40 Lognormal 0.49

Micro 381.63 ± 85.62 Lognormal 0.27 8.64 ± 3.20 Lognormal 0.32 9.65 ± 3.20 Lognormal 0.91

Distribution IDDistribution IDDistribution ID

Fixture/Stage σ (MPa) ε (%) E (GPa)
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CHAPTER 7  

 

TECHNICAL CHALLENGES 
 
 

 While pursuing the preliminary experiment, there were technical challenges that occurred 

prior to experimentation. Such problems were as follows: 

1. Glue and paper warp selections 

Loctite adhesive was used to bond the CNT yarn to the thick paper tabs. Once the 

CNT yarn and adhesive we together, the sample had to dry. Upon the drying process 

it was noted that the adhesive contracted causing the paper tab to warp. The warping 

caused pre-stress force when placed flat to test. Ideally the sample is to host a pre-

stress given by the machine to ensure no slack is occurring prior to loading. The pre-

load force is very minimal (0.001 N) and does not cause a change in mechanical 

behavior. To avoid warping, the paper tabs were fixed to a mat by double stick tape. 

This allowed the adhesive to move but not the paper or CNT yarn. 

 

Figure 22: A warped paper sample due to contraction during the drying process (units in mm) 

 

 

2. Fiber fixture clamping mechanism  

As indicated in the fiber fixture results, the samples were subject to perpendicular 

force to which the weak van der Waals forces are the principle load bearing 

mechanism. In Figure 23, a visual demonstration of the clamp and perpendicular 

force is shown. If the clamping force is too low, then the sample is not able to be 

tensile tested. If the sample is too high, the sample will snap upon the pre-stress force 
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(0.001 N). Due to a limit of resources, there is no tool to check clamping force, to 

which all tightening force was produced manually by the operator’s fingers. The CNT 

yarn also began to slip out if the yarn was not perfectly aligned in the middle, causing 

many runs to be reset. At the start of the preliminary 30 samples performed on the 

fiber fixture, it was found that there was a 25% success rate of performing a tensile 

test without resetting the fixture or replacing the yarn. However, through a system of 

checks and balances, that figure was increased to a 78% success rate.  

 

Figure 23: The fiber fixture clamping mechanism 

 

 

3. TS 600 tensile fixture tab parameters 

The final problem was determining the tab size to fit the TS 600 tensile fixture. The 

original goal was to use the same tabs created for the film fixture. This was changed 

once the consideration for minimal tab length was discovered. While the film fixture 

can adjust to any tab length, the TS 600 tensile fixture had a minimum gauge distance 

of 22 mm. While this did not change any parameters such as sample gauge length, it 

did create a loss in operator time. Batches of tabs generated for the film fixture were 

not recyclable causes the operator to manually cut tabs to the dimensions of the TS 

600 tensile fixture.  
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Figure 24: A 22mm gauge distance is required to perform tensile loading on the TS 600 tensile fixture 
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CHAPTER 8  

 

DESIGN OF EXPERIMENT 

 

 
8.1 Design of Experiment – Outline 

 

The objective of this research was to perform and analyze three testing methods for 

determining mechanical properties of the CNT yarn material, in an attempt to choose an 

apparatus to perform a design of experiment study. After performing 30 sample runs on each 

equipment and analysis using Minitab software, it is clear that the film fixture on the DMA will 

be used to perform a design of experiment (DOE) in order to determine the best possible setup 

and procedure for mechanically testing CNT yarn. The objective will not only be to test 

parameters influential to high material output, but also identify factors significant to producing 

low standard deviation among test samples. Table 6 shows the following parameter setup to test 

a 25 factorial design. 

The current method for mechanically testing yarn follows the ASTM standard D3379 for 

general high modulus fibers. This suggests for the fiber to be fixed to a thick paper tab prior to 

loading in a uniaxial direction. The current method allows the highly anisotropic behavior of the 

fibers to be minimized by applying pressure on the paper tab and glue, while the fiber is left 

untouched. However, the fibers are subject to pull out, tab failure and misalignment. The new 

improved tab is 3D printed to minimize effects of the highly anisotropic properties of the yarn 

and utilize the tensile fixture to align the fiber prior to loading, in turn minimizing the chances of 

tab failure. Tab failure is defined as the fiber breaking within the tab clamping area, where an 

ideal failure occurs along the gauge of the sample. Figure 25 is an illustration of both the current 

methodology and the 3D printed tab with sample preparing stage.  

 

Figure 25: A) ASTM D3379 Standard tabs for fiber tensile testing [16] B) 3D printed tabs for ideal fiber testing 
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While tensile testing CNT yarn, it is identified that there are among 5 different factors 

that can be changed during the pre-loading and loading stages of uniaxial tensile testing. Table 6 

lists the factors with their high and low levels. The two qualitative factors are tab type and 

cutting type. The tab type refers to the polymer specific material to which the tab will be printed. 

The soft material is Durus White RGD430 and the stiff material refers to Vero Black Plus 

RGD875, both are specific to the Stratasys polyjet technology. The cutting type represents the 

method of separation of the bottom and top halves of the tab. The tab is only used as medium for 

transport of the fibrous material prior to axial loading. Cut value is the sheer force of a razor 

blade and the burn value is a heated thin metal sheet that melts the tab along the perforation to 

separate the halves.   

Table 6: Five experimental factors with high and low values 

Parameter Low Value High Value 

A: Gauge Length (mm) 10 15 

B: Strain Rate (%/min) 2  5 

C: Clamp Force (in.lb.) 4  8 

D: Tab Type Soft Stiff 

E: Cutting Type Burn Cut 

 
 

High and low values have been determined by various literature reviews in order to 

determine upper and lower constraints, while taking into consideration the machine capabilities 

located at the High Performance Materials Institute (HPMI). The experimental design will be a 

25 half fraction factorial. This will generate 16 runs (25-1). In addition, three replications will be 

performed, totaling 48 runs. The 25-1 half fraction factorial has a resolution of V with 1 generator 

of E = ABCD.  

 
8.2 Design of Experiment – Screening Experiment 

 

 The screening experiment is implemented the testing parameters of CNT yarns to 

determine which parameters have significant effects on the failure stress of CNT yarns. While 
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tensile testing CNT yarn, it is identified that there are among 5 different factors that can be 

changed during the pre-loading and loading stages of uniaxial tensile testing. Table 6 lists the 

factors with their high and low levels.  

A Dynamic Mechanical Analyzer (DMA) was used to perform the strain tests. All 4 team 

members participated in the runs while exercising 2 identical DMAs. On completion of the 

experiments, TA software was used to calculate the failure stress. This data was then transferred 

into Design Expert for analysis.  

A half-normal plot was constructed to determine significant factors. Two main effects, A 

& B, and one interaction AB, were found to be significant in this screening experiment. Factor A 

is the gauge length, Factor B is the strain rate. Performing an outlier T test and Cook’s distance 

test, one outlier was discovered. This point was removed from the model. Next, a box cox 

transformation test was applied to the response (failure stress). The results concluded that a 

transformation of lambda = −1 is the best fit for the model.  

 

Figure 26: a) Outlier found using an outlier T test b) Box-Cox transformation on the response reports a “-1” value 
for lambda 

 

 

Removal of the outlier and utilizing the transformed response, it was noted from Figure 

27 that an additional main effect C, and interactions AC, and AE were found to be significant. 

The new significant factors were clamp force C, interaction of gauge length and clamp force AC, 

and interaction of gauge length and cutting type AE. The main effect of cutting type E, although 
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insignificant, was included in the model to maintain hierarchy. Figure 28 displays the ANOVA 

table of the proposed model. 

 
Figure 27: Half normal plot of significant factors after transformation on the response. 

 

 

 
Figure 28: ANOVA analysis of significant factors to failure stress 

 
 

8.3 Design of Experiment – Fractional Factorial Experiment 
 

 The screening experiment focused on the effects of significant factors to the failure stress 

of CNT yarn. While this is important, the true purpose of this design of experiment is to identify 

a mechanical testing method that minimizes error due to testing parameters. Therefore, the new 

response for the experiment process will be the standard deviation of CNT yarn strength. The 
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experiment process reduces human error maintaining the same operator and DMA for all 

succeeding trials. The team will repeat the 25-1 fractional factorial design with 3 replications and 

3 blocks using the same 5 factors from Phase I and (E = -ABCD). The high level of factor A was 

changed in this experiment to 15mm instead of 20mm. This modification was necessary after 

observance in the screening experiment where trials containing gauge lengths of 20mm reach the 

length capacity of the machine at high strain rates. Standard deviation will be taken from 3 

identical runs, each placed in a different block. Equation 8.2.1 expresses the calculation for 

standard deviation. Using an �̅ equation eliminates the error produced when calculating a 

population standard deviation. �̅ is the range of the responses for trial replications. The constant �2 is generated from a constant table given the value of an experiments sub-size group ‘n’ (n=3 

for this study). 

 �′ = �̅�2 (8.2.1) 

Once all experiment observations were collected, the data was transferred from the DMA 

to EXCEL to calculate the standard deviation. Then a new Design Expert file was created 

identical to before with the exception of the number of replications and blocks were each 

changed from 3 to 1. This provided the proper format to enter standard deviation as the response. 

The results were investigated for outliers. Two test methods confirm the same point an outlier in 

Figure 29.  An outlier is defined as beyond the control limits in the outlier T test, and a Cook’s 

distance, which is 3x the mean. The observation is removed and the analysis proceeds to check 

for significant factors. 

 

Figure 29: Outlier T test and Cooks distance test to eliminate an outlier from the observations 
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The half-normal probability plot in Figure 30 implies that 3 main effects A: gauge length, 

D: tab type and E: cut type, as well as 3 interactions AD: gauge length & tab type, AE: gauge 

length & cut type, and CE: clamp force & cut type all host a significant effect on the standard 

deviation of the failure stress in CNT yarns. 

 

Figure 30: Half normal plot to identify factors significant to standard deviation among runs 

 

 

Figure 31 is an ANOVA table of the selected model. Factor C is included in the model to 

maintain hierarchy. The ANOVA table shows that all selected factors of the model are 

significant at a 95% confidence interval with the exception of C and E. Since, both are included 

in a significant interaction they will remain in the model. 

 

Figure 31: ANOVA table of the factors significant to standard deviation among runs. 
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A Box-Cox transformation test is performed for model accuracy. The transform suggests 

a lambda value of 1, thus no transformation is needed. Normality and residual plots in Figure 32 

determine the assumptions of normal data and constant variance are followed. Residuals vs run 

order was not plotted because 48 trials were performed in a random order, thereafter the data was 

grouped according to replications, then standard deviation was calculated. Therefor the standard 

deviation is not in a particular sequence so no information could be obtained about unusual 

patterns in the run order. 

 

Figure 32: A) Normal plot of residuals to test for normality assumption B) graph of residual vs predicted confirms 

the assumption of constant variance 

Figure 33 provides graphs of the model’s main effects and interactions. From Figure 30 

to minimize the standard deviation according to the main effects then factor A should be at the 

high target, B low target, D low target, and E high target levels. Interaction AD suggests factor A 

has negligible affect when D is at the low target and negative correlation when D is at the high 

target level. Interaction AE suggests there is no effect of E when A is at the high target level and 

A has a positive correlation with standard deviation when E is at the high target level. Finally, 

CE shows low standard deviation when both factors are at the low targets or when both factors 

are at the high target levels.  This interpretation is confirmed by the fourth row in Table 7, which 

contains lowest predicted value. Both the surface and contour plot identify no curvature among 

the interactions, and do not suggest a non-linear model.  

A B 
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Figure 33: Main effects of factors A, C, D, E as well as the interactions of AD, AE, & CE 

 

 

Analysis of the interactions suggest ideal inputs, the team ran a full factorial to test the 

entirety of the final prediction model. For each high and low value, a predicted standard 

deviation was determined by inputting coded units into a coded prediction model. Table 7 

validates the model by interpreting the actual standard deviation of a complete 24 factorial with 2 

replications vs the predicted values.  

These two best combinations of factors prove that reducing standard deviation in strength 

starts with the user’s ability to load the sample. With a small gauge length (10 mm) and cutting 

technique, the sample undergoes torsion prior to testing that offsets the alignment in the loading 

direction. The higher clamp force helps alleviate this phenomenon by holding the sample tighter 

to the clamp fixture. While the sample at a 15 mm gauge undergoes little to no torsion before 

loading due to the longer gauge and burn technique. The conclusion to this experiment proves 
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successful in discovering factors that lead to deviation between sample runs and ideal setting to 

minimize standard deviation between runs. This provides an outstanding baseline for further 

research in the field of CNT yarn. 

 

Table 7: Model validation of standard deviation among a 2 replicated full 24 factorial design 

A: Gauge 

(mm) 

C:Clamp 

Force (in. lb.) 

D: Tab Type E: Technique Actual StdDev 

(MPa) 

Predicted Value 

(MPa) 

10 8 Soft Burn 46.19 54.29 

15 4 Soft Cut 82.56 58.05 

10 4 Stiff Cut 64.38 107.19 

10 8 Soft Cut 4.56 -1.17 

10 8 Stiff Burn 74.23 117.55 

15 4 Soft Burn 14.71 18.83 

15 4 Stiff Burn 43.18 38.33 

10 4 Soft Burn 36.27 23.95 

15 8 Soft Burn 64.44 49.17 

15 4 Stiff Cut 99.61 77.55 

10 4 Stiff Burn 98.76 87.21 

15 8 Stiff Cut 21.03 32.45 

10 4 Soft Cut 42.23 43.93 

15 8 Stiff Burn 57.88 68.67 

15 8 Soft Cut 62.12 12.95 

10 8 Stiff Cut 70.70 62.09 

 

 

Two observations standout as ideal to minimizing standard deviation:  
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Table 8: Lowest standard deviation and differential between actual vs. predicted. 

A: Gauge 

(mm) 

C: Clamp Force 

(in. lb.) 
D: Tab Type E: Technique 

Actual StdDev 

(MPa) 

Predicted Value 

(MPa) 

10 8 Soft Cut 4.56 -1.17 

15 4 Soft Burn 14.71 18.83 
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CHAPTER 9  

 

IMPROVED TEST METHOD 
 

 

9.1 Additive Manufactured Tab 
 

After discovery of optimal testing parameters, the creation for an improved testing tab was 

implemented. The improved tab is an in-house design using a type of additive manufacturing 

named fused deposition modeling (FDM). The principle behind the process of FDM is based on 

variables such as surface chemistry, thermal energy and layer manufacturing [25]. FDM is very 

similar to that of a hot glue gun. The solid filament is fed using a series of rotating wheels into a 

heating element that liquefies the thermoplastic. While the tray is set to a lower temperature, the 

liquid filament moves across the X and Y – axis and is cooled again to create a single layer of the 

cross sectional piece of the 3D model [25].  Once that layer is complete, the tray drops in the Z – 

axis and the next layer is begun. Producing 3D models using FDM poses both strengths and 

weaknesses. The strengths of creating a 3D model through FDM are as follows [1]: 

1. Fabrication and functional parts: the using of FDM creates a sturdy part through the use 

of a material such as thermoplastic. The thermoplastic used in 3D modeling is ABS and 

can match the strength of injection molded plastics.  

2. Minimal waste: The material is built directly using an extruding head. Therefore only 

materials for build and support are needed for manufacture.  

3. Ease of support removal: Stratsy has developed different types of support materials for 

the appropriate build material, whether it is their Break Away Support System, 

WaterWorks Soluble Support System or Breakaway Support Technology, the various 

alternatives allow the user to detach support material without risk of damaging the model.  

4. Material change: Material comes in rolls of polymer filament, so the user needs have any 

experience. This keeps the user down time at low intervals when material is running low.  

5. Large build volume: Stratsy utilizes its full potential in both the Z, X, and Y – Axis’ to 

generate larger parts than most commercially available AM systems.  

While the impressive strengths of using FDM are evident, it is not without its weaknesses. In 

the list below, are some of the weaknesses involved when using FDM [1]:  
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1. Restricted accuracy: Accuracy is achieved through small dimensions of build material, 

with FDM, typically the filament used hosts a diameter of 1.27 mm. This factor can limit 

smaller model’s accuracy.  

2. Slow process: Building speed is limited by factors such as feed rate and viscosity. The 

typical thermoplastic material used has a high viscosity, creating limitations on the build 

rate.  

3. Unpredictable shrinkage: The process of FDM is extrusion with rapid cooling of the build 

material, this rapid differential in temperature induces internal stress on the material 

leading to unpredictable tolerances.  

The new tab, designed in Figure 34, would reduce sample alignment error through two 

methods. The first a technique known as design for manufacturing assembly (DFMA), where the 

sample is fitted to the film fixture to make each alignment identical. The second technique is the 

application of adhesive outside the tab in order to maintain a completely flat interface between 

the tab and film fixture. The tab still maintains a notch along the gauge to reduce the amount of 

force required to separate the bottom and top half prior to mechanically loading the sample.  

 

Figure 34: Improved tab design using SolidWorks. 

 

 

9.2 Experimental Setup 
 

Using the data received from the design of experiment, a tensile test under uniaxial 

loading was performed under the given parameters in Table 9. The preload stress is applied to 
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remove all slack from the sample. This ensures the strain is accurately measured. The strain rate 

was determined from the design of experiment (DoE). While the tab is stiff due to the FDM 

method, clamp force does not have to reach force in excess of 8 inch lb., as shown in the DoE. 

The cut type was not determined from the DoE. While it plays a role in minimizing torque, using 

FDM requires no heat to separate the sample tab. The type of thermoplastic polymer restricts the 

user to apply a shear force to separate the sample tab, had the user applied heat, the sample tab 

would have melted back together once it cooled to a solid. All mechanical testing was performed 

on the DMA Q800 machine (TA Instruments Inc.) using the film mode with a constant frequency 

of 1 Hz and constant diameter of 58 �m.  

Table 9: validation of testing parameters for spun CNT yarn 

Parameter Value 

Preload 0.0001 N 

Strain 2 %/min 

Temperature Room 

Clamp Torque 6 inch lb. 

Cut Type Cut 

 
 

9.3 Results and Discussion 

 
 All experimental data was recorded and transferred to Microsoft Excel for further data 

analysis. A cumulative plot of engineering stress vs strain is located in Figure 35. The plot hosts 

the same two stage deformation zones identified in previous testing and in literature [3]. 

However, the average stress and modulus is increased to 540.45 ± 47.26 MPa and 39.74 ± 4.37 

GPa, respectively. This increase in properties and decrease in standard deviation is attributed to 

the alignment of the samples prior to uniaxial loading. While both stress and modulus increase, 
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the data decreases with strain to 7.21 ± 2.11 %. This phenomenon can be attributed to the 

collapse of the nanotube’s porous structure, but would require further investigation to confirm.  

 

Figure 35: 30 sample cumulative mechanical testing data from using the improved test method. 

 

 

Similarly to the previous machine capability testing, the maximum stress was transferred 

to Minitab 17 software to determine the continuous probability shown in Figure 36. Unlike 

previous stress distribution plots, which identified failure stress as a normal distribution, the 

failure stress for the improved method follows a lognormal distribution. This is determined by 

the highest p-value of 0.648.  

 

Figure 36: Probability distribution identification for failure stress through the improved test method. 
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 The failure strain was plotted among the four closest continuous probability distribution 

functions. Figure 37 identifies that the probability distribution that best fits the failure strain data 

is the lognormal distribution at a p-value of 0.648. Of the three mechanical data test sets, it was 

identified that the new test method yields the highest p-value with failure strain.  

 

Figure 37: Probability distribution identification for failure strain through the improved test method. 

 

 

 The final mechanical testing data is Young’s modulus as shown in Figure 38. Young’s 

modulus quantifies the stiffness of a material. The calculation for modulus was taking from 0.1% 

- 0.3%. The four best fit probability functions were chosen to compare against one another. The 

highest p-value, 0.140, was identified at a lognormal plot and is chosen as the continuous 

distribution. While the value is low, the lognormal probability was found to be the same 

probability distribution prior to implementing the improved testing parameters and equipment.  

 

Figure 38: Probability distribution identification for Young’s modulus through the improved test method 
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CHAPTER 10  

 

CONCLUSION 
 
 

 The work on studying the critical testing parameters and improved mechanical test 

methods was successfully conducted. Not only was the test on understanding mechanical 

capability  of the selected test methods achieved through an accurate quality engineering 

methodology, the implementation of the results determined in the DoE were successful in 

reducing the standard deviation in all properties as well as significantly increasing the rate of 

valid gauge failure. The test results using the improved methods are summarized in Tables 10 

and 11.  

Table 10: Results and comparison of traditional test methods vs. the improved method 

Property  

Paper Tabs 

Value 

Paper Tabs 

Property 

3D Tabs  

Value 

3D Tabs 

Strength (MPa) 375.50 ± 69.23  Stress (MPa) 540.45 ± 47.26  

Strain (%) 10.53 ± 4.16  Strain (%) 7.21 ± 2.11  

Modulus (GPa) 11.76 ± 1.83  Modulus (GPa) 39.74 ± 4.37  

Gauge Failure 
Rate (%) 

12  Gauge Failure 
Rate (%) 

65  

 

 

Table 11: Results and comparison of probability distributions of mechanical properties of the traditional test 

method vs. the improved method. 

Property 

Paper Tabs 

Probability 

Paper Tabs  

P-Value 

Paper Tabs 

Property 

3D Tabs 

Probability 

3D Tabs  

P-Value 

3D Tabs 

Stress Normal 0.921 Stress Lognormal 0.648 

Strain Lognormal 0.885 Strain Lognormal 0.683 

Modulus Lognormal 0.259 Modulus Lognormal 0.140 
 
 

 Given the results in Table 10, average stress was increased by 44%, while the standard 

deviation reduced by 54%. Average Strain was reduced by 46% and the standard deviation was 

26%. As well as Young’s modulus increased by 238% and the standard deviation decreased by 

29%. Young’s modulus is hypothesized to significantly increase due to user handling prior to 
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loading. While a user places a sample on a tab, the sample is placed under an unknown tension 

force to reduce slack in the sample and maintain sample alignment. It hypothesized the tension 

placed on the sample prior to loading may cause some of the nanotubes’ porous structures to 

collapse before testing, but further investigation must be performed to confirm this phenomenon. 

The most noteworthy increase in mechanical testing is the increase in the rate of valid gauge 

breaks from 12% to 65%, overall a total increase greater than 400%. This is due to the total 

reduction in human error, primarily in the alignment angle of the sample prior to loading. Table 

11 identifies much higher p-values in the paper tab samples when compared to the 3D tabs. 

While the p-values are higher, the 3D tab data points were only taken at valid gauge breaks. The 

paper tab samples were taken at both a gauge and tab failure. The group chose to pursue this 

route because it is not guaranteed that all literature is producing valid gauge failure results. The 

results of this study provide the guidance to understand the capability of the three popular test 

methods and their influential parameters and effect test approach using the printed tabs were 

proposed and demonstrated.  
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