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1. Introduction 

Fibers are the load-carrying constituent of fiber-reinforced composite materials. 
The desirable traits of a fiber include high stiffness, high strength, and low density. 
Understanding the tensile properties of single-fiber filaments enables improved 
understanding of yarn mechanics, which in turn improves understanding of lamina 
and laminate behavior and betters predictive performance capabilities. Ballistic 
performance predictions rely heavily on fiber material properties (i.e., modulus, 
ultimate tensile strength, strain to failure, and density).1 Advancements in ballistic 
performance track with incremental increases in fiber stiffness and strength. Recent 
work directed at understanding processing effects on the mechanical behavior of 
fibers has established a connection between internal microstructure and fiber tensile 
behavior.2 

Numerous studies have been performed to assess the tensile properties of single-
fiber filaments, most based on the methods described in the ASTM D3822, 
Standard Test Method for Tensile Properties of Single Textile Fibers,3 and C1557-
03, Standard Test Method for Tensile Strength and Young’s Modulus of Fibers.4 
The effect of gage length5–8 and strain rate6–10 have been evaluated for many classes 
of fibers. Gripping of certain varieties of single fibers proves to be a challenge, and 
improved methods to grip fibers have been studied. The direct gripping method 
developed by Sanborn et al.10 is used in this work.  

Because of the small size, accurately measuring the fiber diameter is not a trivial 
task. Several approaches have been reported in the literature. One is to assume the 
fiber diameter based on manufacturer-specified values with no direct measurements 
made in their experimental work.7 It has been found, though, that the diameter of 
certain types of fibers do deviate from these assumed values and this can have 
significant effects on the calculation of the tensile properties of a single fiber. High-
resolution scanning electron microscope (SEM) images were used by Lim et al.11 
to more accurately measure the diameter of A265 fibers. Measurements of fiber 
diameter from 15 samples were taken and averaged to obtain a fiber diameter to use 
in property calculations. These diameter measurements were taken near the end of 
a long fiber that was later used to produce specimens for testing. Because diameter 
measurements were not directly made on the specimens actually tested raises 
concerns regarding how representative the diameter measurements are, as variation 
along a single fiber can be significant, especially at large lengths. Naito12 used both 
laser scanning microscope images and SEM to measure fiber diameters on a wide 
array of fibers including K29, K49, and K119, but it is not clear from his work if 
the fiber diameters were made on the same fibers that were tested or if his average 
fiber diameter is also calculated in a similar way to Lim et al.11 
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To improve the accuracy of the tensile property measurement, an experimental 
approach is presented to meticulously measure the diameter of each fiber specimen 
in the gage section directly prior to testing using a laser confocal microscope. As 
the single-fiber specimen is installed in the test frame and the test frame is then 
placed under the microscope prior to obtaining fiber diameter measurements, the 
specimen can be tested immediately after measurements are collected. This 
eliminates the opportunity for damage to the specimen encountered when 
transferring it from the microscope to a freestanding test frame.  

2. Experimental Procedure 

2.1 Test Equipment 

A test method is developed based on a novel combination of a Psylotech Nano-test 
system (nTS) small-scale load frame and a Keyence 3-D laser scanning confocal 
microscope. The nTS, designed and developed by Psylotech, Inc. (Evanston, IL), 
features a 10-mm stroke actuator with a closed loop control of approximately 3-nm 
displacement resolution and a force capacity of up to 40 N. To allow in situ 
microscopy during single-fiber tensile experiments, the nTS was mounted in a 
Keyence VK-X200 digital laser scanning microscope, which enables a greater 
depth of field and larger field of view than the typical stereomicroscope. This 
combination enables detailed noncontact measurement of the fiber diameter. This 
setup also facilitates in situ deformation measurement and investigation into the 
deformation mechanics of single fibers.13 

2.2 Material 

Four varieties of off-the-shelf Kevlar fibers are chosen for tensile testing: Kevlar 
29 (K29), Kevlar 49 (K49), Kevlar 119 (K119), and Kevlar KM2 Plus (KM2+). 
Kevlar is a para-aramid fiber developed by DuPont14 that is frequently used for 
ballistic applications because of its high strength, stiffness, and light weight. 
Chemical composition of the 4 fiber varieties is the same; however, the processing 
varies. K119 and K29 fibers are not subject to any postprocessing heat treatment 
(i.e., additional heating or stretching after initial fiber spinning). KM2+ and K49 
are heat treated to different levels, with K49 being the highest. 

K29 is the original Kevlar fiber family developed for body and vehicle armor, cut 
resistant gloves, and reinforcement applications. K49 is a high modulus–low 
elongation fiber used primarily for cabling, sporting goods, and aerospace 
applications. K119 is designed for applications that require a fiber that is flexible  
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with high elongation and fatigue resistance. KM2+ is a high tenacity, high 
toughness, finer denier fiber well suited for body armor applications.14 A summary 
of Kevlar yarn properties is given in Table 1. 

Table 1 Properties of Kevlar aramid fiber yarns.14–17 

Property Kevlar K119 Kevlar 
K29 

Kevlar 
KM2+ 

Kevlar 
K49 

Denier 1500 1500 600 1140 
Density (g/cm3) 1.44 1.44 1.45 1.45 
Diameter (µm) 12 12 12 12 
Tenacity (gpd) 23.8 23 28.4 23.6 

Tensile strength (GPa) 3.1 2.9 3.6 2.9 
Tensile modulus (GPa) 55 70 84 135 

Strain to failure (%) 4.4 3.6 3.8 2.8 

2.3 Single-Fiber Specimen Preparation 

Approximately 0.5–1.0 m of yarn is cut from a spool of bulk Kevlar yarns. 
Individual fibers are teased out of the yarn and, to mitigate any twist in the fiber 
caused during the extraction, each fiber is hung overnight to allow the fiber to 
untwist on its own. A small weight (<1 g) is taped to the free end of the fiber to 
keep the fiber taut and remove residual stresses. Single fibers are then mounted onto 
cardstock frames (Fig. 1).  
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Fig. 1 Fiber specimen mounted on laser cut cardstock frame. a) Laser cut frames laid out 
in a grid pattern and multiple specimens drawn from a single fiber and b) zoomed-in view of 
a specimen. 

The frame shape is cut from cardstock using a laser cutter in a grid formation. As 
shown in Fig. 1a, a single fiber is laid over several fiber mounts (i.e., multiple 
specimens can be drawn from a single fiber). Figure 1b shows a close-up of a single-
fiber test specimen. The interior dimensions of the frame are designed to yield the 
desired fiber gage length. Specific dimensions for the frames used in this work are 
shown in Fig. 2 for gage lengths of 5 and 15 mm.  
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Fig. 2 Mounting frame dimensions for a) 5-mm gage length sample and b) 15-mm gage 
length sample. All dimensions are given in millimeters.  

Adjustments are made to center the fiber on the mount by lining it up with 
horizontal alignment markers on the cardstock before it is temporarily secured into 
place using small strips of masking tape (Fig. 1b). Once the position is finalized, 
the fibers are secured into place using a small amount of cyanoacrylate (Gorilla 
Super Glue Impact Tough Formula) and left to dry overnight.  

Approximately 20–25 specimens are prepared for each fiber type with a test gage 
length of 15 mm. To demonstrate that other gage lengths can be used with this 
experimental setup, 2–3 specimens from each fiber batch with a test gage length of 
5 mm are also prepared. A full study on the effect of gage length on the tensile 
mechanical properties of single-fiber test specimens is beyond the scope of this 
work and will be completed in the future.  

2.4 Installing the Specimen 

The mounted specimen is cut out of the cardstock using an X-Actoknife and placed 
into the grips on the Psylotech nTS small-scale load frame as shown in Fig. 3. The 
frame mounts are designed with a hemispherical shape (Fig. 1b) at each end to 
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assist in the prealignment to the grip fixtures as well as adjust the actuator to the 
proper position. Using the tension-compression jog controls in the Psylotech 
software, the crosshead is moved to press the grips against the specimen as much 
as possible without deforming the cardstock frame. Practically, this can be observed 
as a change in the live load-displacement curve in the Psylotech software. Starting 
with the load cell side, the aluminum/polycarbonate tabs are applied to the 
specimen. All screws are finger-tightened first with the torx bit and then torqued to 
0.44 in-lb using a torque driver. A direct gripping method is used,10 where the fiber 
is sandwiched between 2 polycarbonate blocks.  

 

Fig. 3 Fiber sample installed in the Psylotech nTS prior to the frame being cut 

Just prior to testing, the edges of the cardstock frame are cut. It is important that the 
edges do not touch each other during testing. Additionally, to promote the 
preservation of the tested sample for imaging after testing, it is important to ensure 
that the fiber remains attached to the cardboard mount. If a pair of tweezers is used 
to lightly hold the ends of the cardstock to prevent excessive twisting and bending 
during cutting, it is more likely the fiber will remain attached. The sides of the 
cardstock are snipped as close to the grips as possible.  

Once the specimen is installed into the Psylotech, the Psylotech is placed under the 
microscope as shown in Fig. 4. Using the tension-compression jog feature set at a 
rate of 10 µm/s, the crosshead is moved until any pretension potentially applied 
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from the gripping process is removed (judged by when the live load-time curve 
plateaus). The “zero load” setting is turned on in the software indicating this is the 
approximate position of zero load on the sample. The tension jog is used to apply a 
preload to the sample. For this work, a preload between 500 and 1000 µN is used. 
Once the preload is set, the “zero displacement” setting is turned on in the software.  

 

Fig. 4 The Psylotech nTS is placed under the Keyence microscope objective lens to enable 
in situ fiber diameter measurements 

2.5 Imaging Specimen 

For the process of acquiring single fiber diameter measurements, an image of a 
450–500 µm section of the gage length is captured using the Keyence 3-D laser 
scanning confocal microscope prior to testing. The approximate middle of the gage 
length is focused first using the 5× objective lens, then under 10×, and finally 50× 
to assist in defining the field of view relative to the microscope stage position. 
Alignment of the fiber with the loading direction is important to ensure accurate 
results for the tensile properties of the fiber.18 One unique feature of the Psylotech 
nTS is the ability to adjust the actuator in the y- and z-directions in 30-nm steps. 
For clarity, we define the directions as shown in Fig. 5. The x-direction is along the 
length of the fiber and is the direction of loading; the y-direction is transverse to 
the fiber, and the z-direction is out of plane. Adjusting the y-position allows precise 
alignment of the fiber with the loading direction (x-direction) and adjusting the z-
position ensures that the entire length of the fiber is on the same focal plane.    
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Fig. 5 The coordinate system defining the experimental setup with the x-direction along 
the length of the fiber and the direction of loading; the y-direction transverse to the fiber and 
the z-direction out of plane 

Starting at the top of the gage length (load cell side), the fiber is centered and 
focused in the frame using the controls from the Keyence Viewer software. Any 
misalignment along the fiber gage length is noted. The actuator is adjusted by using 
the joystick to align (y-axis) and focus (z-axis) with respect to the fiber on the 
bottom of the gage length (actuator side). The alignment is again visually inspected 
between the top and bottom grip, and adjustments are made until the fiber is 
centered and focused along the entire gage length.  

The final image of the fiber is taken using the 100× lens. The focus should be 
adjusted as necessary. Because the Keyence images in 3-D, we set the upper and 
lower bounds of the z-position of the lens turret to ensure that it captures the entire 
diameter of the fiber. In this work, the difference in the upper and lower bound was 
taken to be between 50 and 70 µm. The z-pitch is set to 0.20 µm, meaning that the 
3-D slices will be taken at 0.20-µm intervals throughout the stretch between the 
designated upper and lower bounds. To capture an image of 450–500 µm of the 
gage section at 100×, 5 images must be captured and later stitched together. Once 
all settings are input, the Keyence starts the measurement to scan the fiber, which 
generally lasts 5–7 min. An example of one image of a K29 fiber is shown in Fig. 6.  



 

Approved for public release; distribution is unlimited.  
9 

 

Fig. 6 A laser confocal microscope image of a K29 single fiber at 100× magnification 

2.6 Test Method 

The nTS is operated in displacement control mode at a rate of 4.5 µm/s for the 
15-mm gage length samples and 1.5 µm/s for the 5-mm samples to ensure a quasi-
static strain rate of 0.0003 𝜀𝜀 𝑠𝑠⁄ . Load and crosshead displacement data are recorded 
by the Psylotech software. The test typically lasts between 2 and 4 min and stops 
manually several seconds after failure. Fiber fragments are recovered if possible 
and logged for posttest imaging and investigation of fracture surface.  

2.7 Compliance Correction 

The system compliance is measured in accordance with the procedure outlined in 
ASTM C1557.4 Specimens are prepared with gage lengths of 15, 20, and 25 mm. 
Three tests are conducted for each gage length. The compliance correction factor 
that defines system compliance is calculated to be 𝐶𝐶𝑠𝑠 = 0.00009735 m/N. This 
factor will be used during the analysis to remove any displacement associated with 
the system compliance from the total crosshead displacement.  

3. Analysis 

The 5 images, captured along the gage length of the fiber, are used to measure the 
diameter of the fiber via the Keyence VK Analysis software. The optical view 
mode, shown in Fig. 7, is found to give the best view of the entire fiber width. Using 
the 2-point tool, a line is drawn across the fiber width and the value is recorded. 
One diameter measurement is drawn from each image of the fiber gage sections.  

The average of the 5 diameter measurements, 𝑑𝑑𝑎𝑎𝑎𝑎𝑎𝑎, is used to calculate the cross-
sectional area of the individual single fibers. The fibers are assumed to have a 
circular cross section. 



 

Approved for public release; distribution is unlimited.  
10 

 

Fig. 7 Example of K29 fiber diameter measurement using an image captured with the 
Keyence laser confocal microscope 

The time, crosshead displacement, and load data as recorded from the Psylotech are 
used to calculate stress, strain, and associated mechanical properties. Displacement 
and load data are corrected for the offset values at 𝑡𝑡 = 0. The total crosshead 
displacement is also corrected for the effect of the system compliance. Engineering 
strain is calculated by dividing the corrected crosshead displacement, 𝑙𝑙, by the gage 
length, 𝑙𝑙0.  

 𝜀𝜀 = 𝑙𝑙
𝑙𝑙0

. (1) 

Engineering stress is calculated as the applied load, 𝑃𝑃, divided by the undeformed 
cross-sectional area, 𝐴𝐴.  

 𝜎𝜎 = 𝑃𝑃
𝐴𝐴
. (2) 

The ultimate tensile strength of the fiber, 𝜎𝜎𝑢𝑢𝑢𝑢𝑢𝑢, is defined as the maximum value of 
engineering stress. The tensile strain at 𝜎𝜎𝑢𝑢𝑢𝑢𝑢𝑢 is also recorded as the strain to failure.  

The tensile modulus is calculated as the slope of the line passing through 2 points 
on the stress–strain curve corresponding to tensile strain of 𝜀𝜀𝑇𝑇,1 = 0.0001 and 
𝜀𝜀𝑇𝑇,2 = 0.0010 and their respective stress values.  
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 𝐸𝐸 = 𝜎𝜎(𝜀𝜀2)−𝜎𝜎(𝜀𝜀1)
𝜀𝜀2−𝜀𝜀1

. (3) 

The strain rate for all tests is also calculated as the slope of the line passing through 
points on a strain versus time plot corresponding to 𝑡𝑡1 = 0 𝑠𝑠 and 𝑡𝑡2 = 10 𝑠𝑠.  

 𝜀𝜀̇ = 𝜀𝜀(𝑡𝑡2)−𝜀𝜀(𝑡𝑡1)
𝑡𝑡2−𝑡𝑡1

. (4) 

For all tests, the strain rate was calculated as 0.0003 𝑠𝑠−1, an appropriate value for 
an intended quasi-static test. 

4. Results  

Figures 8–11 show the stress–true strain plots for the 4 fiber types. To reiterate, for 
each of the 4 types of Kevlar tested, 4–6 long single fibers are extracted to produce 
20–25 specimens per Kevlar fiber type. Samples prepared from the same single 
originating fiber are displayed with a unique color to distinguish them from samples 
produced from different originating single fibers. Interestingly, there is an even 
distribution of behavior for single-fiber specimens drawn from the same original 
fiber. The 5-mm gage length specimens are plotted alongside the 15-mm gage 
length specimens to directly compare the stress–strain response. The shorter gage 
length specimens exhibited a similar response to the longer gage length specimens, 
with some deviations noted for the K119 and K49 fibers. Only 2–3 specimens are 
tested for the shorter gage length, so more tests are necessary to truly comment on 
the effect of gage length on the experimental results. The specimens used to 
characterize the material response of the Kevlar fibers were of the longer gage 
length.  
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Fig. 8 Tensile stress–strain curves for K119 single-fiber specimens. Specimens drawn from 
the same originating single fiber are grouped by color.  

 

 

Fig. 9 Tensile stress–strain curves for K29 single-fiber specimens. Specimens drawn from 
the same originating single fiber are grouped by color. 
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Fig. 10 Tensile stress–strain curves for KM2+ single-fiber specimens. Specimens drawn 
from the same originating single fiber are grouped by color.  

 

 

Fig. 11 Tensile stress–strain curves for K49 single-fiber specimens. Specimens drawn from 
the same originating single fiber are grouped by color.  
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5. Discussion 

Some scatter is evident in the stress–strain curves (Figs. 8–11) for the single-fiber 
tension tests. Single-fiber tests are statistical in nature and depend on defects (or 
voids) within the fiber. The fiber tensile properties typically follow a Weibull 
distribution, which relates the distribution of strength, modulus, and strain to failure 
with flaw sensitivity.12 Evaluating the Weibull modulus for these sets of Kevlar 
fibers is beyond the scope of this work.  

Furthermore, shorter gage lengths tend to have larger scatter than longer gage 
lengths. The likelihood of a defect being present is higher for longer gage lengths, 
meaning that defects are likely to be present in each specimen tested. Rather, for 
shorter gage lengths, depending on the frequency of a defect along the length of a 
fiber, there could be specimens that are defect free and thus exhibit superior 
material properties to those specimens that contain a defect. In his work, Ou et al.7 
showed that increased gage lengths for K29 fibers reduced the scatter between 
individual specimens within a sample. The gage lengths used in this work are on 
the shorter end to what was used in Ou’s work, so the expectation is that some 
scatter will exist in this data set.  

Table 2 presents the numerical values for the average ultimate tensile strength, 
tensile modulus, and strain to failure for the fiber types. Full data tables for all 
specimens are included in the Appendix. 

Table 2 Average values and standard deviation for each fiber type 

Fiber 
system 

Tensile strength 
(GPa) 

Tensile modulus 
(GPa) 

Strain to 
failure 

(%) 

K119 3.4 ± 0.4 71.5 ± 7.7 4.0 ± 0.3 
K29 3.3 ± 0.5 78.1 ± 9.6 3.8 ± 0.3 

KM2+ 3.0 ± 0.3 90.6 ± 11.6 3.4 ± 0.4 
K49 2.7 ± 0.4 100.8 ± 12.9 2.5 ± 0.3 

 
A comparison of the obtained fiber material properties (Table 2) and published yarn 
data14–17 from Table 1 is shown in Fig. 12. The tensile modulus measurement for 
K49 single fibers differs the most with respect to yarn data. Otherwise, we see good 
agreement between single fiber and yarn data. The advantage of measuring the 
single fiber properties is that the values are independent of yarn mechanics.  
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Fig. 12 a) Tensile strength, b) tensile modulus, and c) strain to failure for single fibers as 
compared with published yarn data14–17 
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Naito performed a comprehensive study of high-performance polymeric fibers 
including K29, K119, and K49 to understand their tensile properties.12 His work 
included obtaining measurements of the fiber diameter using a laser scanning 
microscope and a high-resolution SEM but it is not clear from his work if he 
obtained fiber measurements on the specific fibers that were tested or from a 
representative sample drawn from similar yarns. A comparison of the average 
material properties obtained in this work (Table 2) with those of Naito is presented 
in Fig. 13, with the error bars indicating 1 standard deviation from the mean values. 
The variability in each material property calculated is on the same order between 
our data and Naito’s, indicating that this is a true material variability, not 
necessarily method variability. The K119 and K29 fiber material properties 
obtained by our methods and by Naito are in good agreement (i.e., within the 
respective percent variations of the mean, which gives good confidence that these 
are truly the properties of the material). Some discrepancy is evident in the tensile 
modulus and strength for K49 fibers. This is potentially due to the difference in 
measured fiber diameter. Naito reports the average measured diameter of K49 
fibers as 10.27 ± 0.78 μm, whereas our measurements indicate the average fiber 
diameter of our K49 fiber samples as 12.98 ± 0.57 µm. This 26% increase in 
diameter certainly does affect both calculated values for tensile strength and 
modulus. Repeating calculations for these properties using our data and an average 
diameter size of 10.27 µm does in fact yield a tensile modulus of 160.3 GPa and a 
tensile strength of 4.3 GPa, which are much more agreeable to the Naito data for 
K49 fibers.  
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Fig. 13 A comparison of the single fiber a) tensile strength, b) tensile modulus, and c) strain 
to failure for K119, K29, and K49 as measured in this work and by Naito12 
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K29 is the original family of Kevlar products and thus considered to be the standard 
Kevlar14 variety. Normalizing the average data to K29 allows for comparison 
among fiber types. Figure 14 plots the normalized average tensile strength, strain 
to failure, and tensile modulus for the Kevlar fibers. It is found that K49 fibers have 
the lowest tensile strength and strain to failure but the highest modulus. Conversely, 
K119 fibers have slightly higher strength and elongation than K29 fibers. 

 

Fig. 14 Normalized values of tensile strength, strain to failure, and tensile modulus for 
Kevlar fibers 

6. Property Variance with Respect to Diameter 

In this work, great care is taken to accurately measure the fiber diameter, rather 
than relying on assumed fiber diameter measurements as specified by the 
manufacturer. Published data indicate a nominal fiber diameter of 12 µm for K29, 
K49, and K119, and 9–10 µm for KM2+7,14. However, the average values and 
standard deviations in fiber diameters, shown in Table 3, measured for our samples 
indicate that fiber diameter varies. This must be accounted for in stress calculations 
to yield accurate mechanical property calculations. The tabulated material 
properties presented thus far have been calculated based on actual fiber diameters.  
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Table 3 Average fiber diameter measurements for K29, K49, K119, and KM2+ single 
fibers 

Fiber type Fiber diameter (µm) ± 1 standard deviation 
K119 12.42 µm ± 0.70 µm 
K29 12.75 µm ± 0.78 µm 

KM2+ 11.18 µm ± 0.53 µm 
K49 12.98 µm ± 0.57 µm 

 
To demonstrate the importance of the fiber diameter in the analysis, the analysis of 
the K29 fibers is redone assuming a known diameter of 12 µm for each fiber. It can 
be observed from Fig. 15 that the tensile strength of the fibers calculated based on 
the assumed diameter of 12 µm is scattered. However, when the tensile strength is 
calculated based on measured diameter, a linear relationship between tensile 
strength and fiber diameter is discovered. In the case shown here, the importance 
of measuring the fiber diameter accurately can be understood by comparing the 
strengths of the specimens with the smallest and largest fiber diameters. The 
difference in strengths is on the order of several gigapascals, indicating just how 
significant of an effect the fiber diameter has on calculated material properties. 
Similar analysis can be repeated for the strain to failure and tensile modulus.    

 

Fig. 15 Comparison of the tensile strength of K29 fibers calculated using assumed diameter 
and measured diameter values 

To further illustrate the importance of measuring individual fiber diameters, we 
refer to Fig. 16. The raw data for the K29 single-fiber specimens that were used to 
generate Fig. 9 is reprocessed using an assumed diameter for each fiber of 12 µm. 
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For simplicity, we will refer to the analyses as Case 1 (measuring individual fiber 
diameters using the method developed in this report) and Case 2 (assuming a fiber 
diameter of 12 µm). Comparing the 2 figures, we see that the scatter in the stress–
strain behavior for Case 2 is reduced compared with Case 1. Additionally, in Case 
2, the 5-mm gage length samples seem to exhibit different behavior (reduced 
modulus, higher strength, higher strain to failure) than the 15-mm samples. In Case 
1, the 5-mm samples fall within the scatter of the 15-mm samples. Clearly, the true 
scatter in single-fiber tensile data is not captured accurately if one follows the 
analysis method of Case 2. To obtain the most accurate stress calculation, it is 
imperative that the actual fiber diameter is measured for each individual single-
fiber specimen.    

 

Fig. 16 Stress–true strain curves for Kevlar K29 single-fiber specimens as calculated with 
an assumed fiber diameter of 12 µm 

The variation in fiber tensile strength with fiber diameter is plotted in Fig. 17a for 
all fiber systems. All Kevlar fiber varieties exhibit a linear decreasing relationship 
between tensile strength and fiber diameter. Likewise, similar plots are generated 
that compare the tensile modulus (Fig. 17b) and strain to failure (Fig. 17c) as a 
function of fiber diameter. In general, larger diameter fibers tend to have higher 
tensile strength and modulus, potentially indicating a higher degree of crystallite 
orientation as fiber diameter decreases.19 A clear trend with fiber diameter is not 
evident for strain to failure for the Kevlar samples tested in this work.  
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Fig. 17 The variation of a) tensile strength, b) tensile modulus, and c) strain to failure with 
fiber diameter for Kevlar fibers 
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To assess the linearity of the relationship between the material properties and the 
fiber diameter, we use Pearson’s correlation coefficient,  

 𝑟𝑟 =  ∑ (𝑥𝑥𝑖𝑖−𝑥̅𝑥)(𝑦𝑦𝑖𝑖−𝑦𝑦�)𝑛𝑛
𝑖𝑖=1

�∑ (𝑥𝑥𝑖𝑖−𝑥̅𝑥)2𝑛𝑛
𝑖𝑖=1 �∑ (𝑦𝑦𝑖𝑖−𝑦𝑦�)2𝑛𝑛

𝑖𝑖=1

, (5) 

where 𝑥𝑥𝑖𝑖 and 𝑦𝑦𝑖𝑖 are the sets of data points to be correlated, 𝑛𝑛 is the number of data 
points, and 𝑥̅𝑥, 𝑦𝑦� are the mean values, that is 

 

 

Conclusions can be drawn regarding the linearity of the relationship between the 2 
quantities based on the sign and value of Pearson’s correlation coefficient. Positive 
correlation (0 < 𝑟𝑟 < 1) is defined as a direct relationship (both quantities increase 
or decrease with respect to one another). Negative correlation (−1 < 𝑟𝑟 < 0) is 
defined as an inverse relationship (one quantity increases as the other decreases). 
A result of 𝑟𝑟 = 0 indicates there is no linear relationship between the 2 quantities 
but does not negate any relationship all together. The absolute value of 𝑟𝑟 indicates 
the strength of the correlation. The significance of the correlation is judged by a 
hypothesis test. We state the null and alternate hypothesis for a 2-tailed test: 

H0: 𝑟𝑟 = 0  (There is no linear relationship between 𝑥𝑥 and 𝑦𝑦) 

H1: 𝑟𝑟 ≠ 0  (There is a linear relationship between 𝑥𝑥 and 𝑦𝑦) 

Using Pearson’s correlation coefficient, we look up the critical value of r, 𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, in 
a table for the given number of degrees of freedom, 𝑑𝑑𝑑𝑑 = 𝑁𝑁 − 2, where 𝑁𝑁 is the 
number of data pairs. We compare r to 𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 and if |𝑟𝑟| > 𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, we reject H0; 
otherwise, we retain H0.  

A strong negative correlation is found between tensile strength and fiber diameter 
for K29 and K119 fibers, as shown in Fig. 17a. The null hypothesis is accepted for 
K49 and KM2+ fibers, indicating there is no linear relationship between fiber 
diameter and tensile strength. Details of the statistical analysis are shown in 
Table 4.  

𝑥̅𝑥 =
1
𝑛𝑛
�𝑥𝑥𝑖𝑖

𝑛𝑛

 

 

(6) 

and 𝑥̅𝑥 =
1
𝑛𝑛
�𝑥𝑥𝑖𝑖

𝑛𝑛

 

 

. (7) 
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Table 4 Correlation of tensile strength to fiber diameter 

Fiber 
type 

Pearson’s 
(r) 

Number of 
samples 

(N) 

Degrees of 
freedom 

(df) 
Correlation 

(pos/neg) Significance 

K119 –0.637 19 17 Negative p<0.01 
K29 –0.782 19 17 Negative p<0.01 

KM2+ –0.223 20 18 Negative Not significant 
K49 –0.394 20 18 Negative Not significant 

 
All fiber types exhibit a significant, strong negative correlation between tensile 
modulus and fiber diameter with the exception of KM2+. From Fig. 17b, it is 
evident that K29 fibers exhibit the highest degree of linearity of tensile modulus 
with fiber diameter. Details of the statistical analysis are shown in Table 5.  

Table 5 Correlation of tensile modulus to fiber diameter 

Fiber 
type 

Pearson’s 
(r) 

Number of 
samples 

(N) 

Degrees of 
freedom 

(df) 
Correlation 

(pos/neg) Significance 

K119 –0.607 19 17 Negative p<0.01 
K29 –0.823 19 17 Negative p<0.01 

KM2+ –0.339 20 18 Negative Not significant 
K49 –0.610 20 18 Negative p<0.01 

 
From Fig. 17, we can see that the strain to failure does not have a clear dependence 
on fiber diameter. Pearson’s correlation coefficient analysis confirms that there is 
no significant linear relationship of strain to failure to fiber diameter. Details of the 
statistical analysis are shown in Table 6.  

Table 6 Correlation of strain to failure to fiber diameter 

Fiber 
type 

Pearson’s 
(r) 

Number of 
samples 

(N) 

Degrees of 
freedom 

(df) 
Correlation 

(pos/neg) Significance 

K119 –0.147 19 17 Negative Not significant 
K29 –0.323 19 17 Negative Not significant 

KM2+ 0.220 20 18 Positive Not significant 
K49 0.097 20 18 Positive Not significant 
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7. Conclusions 

A method for accurately characterizing the tensile material properties of single 
fibers incorporating in situ diameter measurements using a laser confocal 
microscope and a Psylotech nTS is presented in this work. Microscope images were 
used to extract diameter measurements for each specimen tested and averaged for 
use in calculations for engineering stress. Strain was calculated from the 
compliance-corrected crosshead displacement and the gage length of the specimen. 
The tensile strength, modulus, and strain to failure were calculated for each 
specimen tested, and the averages of the sample were reported as the tensile 
material properties for each fiber type. It has been demonstrated that using in situ 
microscopy for diameter measurements improves the accuracy of stress 
calculations for single fibers and, as such, the calculation of the tensile material 
properties. The data collected in this work showed good agreement with data from 
published works focused on single-fiber tensile properties.  

Individually measuring the fiber diameter for each fiber specimen tested allowed 
us to identify trends in material properties with increasing fiber diameter. We found 
that there was up to a 6% variation in fiber diameter between the sets of specimens 
tested and that the fiber diameter varied along the length of a single fiber. This 
indicates the importance of carefully measuring fiber diameters for each specimen, 
rather than just a representative sample or using an averaged value. Statistical 
analysis showed that a linear decreasing relationship between fiber diameter and 
tensile strength exists for K119 and K29 fibers and a linear decreasing relationship 
between fiber diameter and tensile modulus for K119, K29, and K49 fibers. 
Variability in the measurements is attributed to the variability of the material.   
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Appendix. Kevlar Analysis Results 
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Table A-1 Analysis results for Kevlar K119 single-fiber tests (15-mm gage length) 

Specimen Diameter 
(µm) 

Tensile strength 
(GPa) 

Tensile modulus 
(GPa) 

Strain to failure 
(%) 

K119_A01 11.91 3.6 78.29 3.8 
K119_A02 12.61 3.1 61.21 4.1 
K119_A03 11.13 4.1 74.84 4.4 
K119_A04 11.06 4.6 83.79 4.4 
K119_B01 12.19 3.0 67.80 3.8 
K119_B02 11.69 3.1 68.51 4.1 
K119_B03 11.76 3.1 65.28 4.0 
K119_B04 13.82 2.5 49.84 4.2 
K119_C01 12.4 3.0 75.06 3.8 
K119_C02 13.04 3.2 65.27 4.1 
K119_C03 12.90 3.2 61.08 4.2 
K119_C04 12.76 3.2 60.55 4.2 
K119_D01 12.97 3.7 74.85 4.3 
K119_D02 12.47 3.8 69.46 4.3 
K119_D03 12.83 3.3 72.70 3.8 
K119_D04 12.83 3.8 74.35 4.0 
K119_E01 11.84 3.9 90.85 3.6 
K119_E02 12.47 3.0 73.98 3.6 
K119_E03 13.32 3.1 69.25 3.8 

Average 12.42 3.4 70.36 4.0 
Standard 
deviation 0.70 0.5 8.92 0.3 

 

Table A-2 Analysis results for Kevlar K119 single-fiber tests (5-mm gage length) 

Specimen Diameter 
(µm) 

Tensile strength 
(GPa) 

Tensile modulus 
(GPa) 

Strain to failure 
(%) 

K119_A05S 10.10 5.1 80.15 4.2 
K119_A06S 10.50 4.5 94.68 3.9 
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Table A-3 Analysis results for Kevlar K29 single-fiber tests (15-mm gage length) 

Specimen Diameter 
(µm) 

Tensile strength 
(GPa) 

Tensile modulus 
(GPa) 

Strain to failure 
(%) 

K29_A01 11.00 4.6 106.16 3.8 
K29_A02 12.00 3.8 84.84 4.0 
K29_A03 12.61 3.6 83.49 3.9 
K29_A04 13.25 2.6 63.62 3.8 
K29_A05 13.96 2.7 64.24 3.9 
K29_B01 14.00 3.0 74.17 3.6 
K29_B02 12.00 3.2 80.79 3.8 
K29_B03 12.61 3.3 73.75 4.0 
K29_B04 13.54 2.9 64.89 3.7 
K29_C01 12.00 3.9 82.17 3.9 
K29_C02 12.00 3.4 82.10 3.8 
K29_C03 12.40 3.5 85.04 3.9 
K29_C04 13.89 2.2 69.23 2.9 
K29_D01 13.00 3.8 80.01 4.2 
K29_D05 13.25 3.6 76.48 4.2 
K29_E01 13.00 3.2 74.35 3.9 
K29_E02 12.33 3.0 73.83 3.7 
K29_E03 12.33 3.6 86.44 3.9 
K29_E04 13.11 3.2 79.04 3.6 

Average 12.75 3.3 78.14 3.8 
Standard 
deviation 0.78 0.5 9.59 0.3 

 

Table A-4 Analysis results for Kevlar K29 single-fiber tests (5-mm gage length) 

Specimen Diameter 
(µm) 

Tensile strength 
(GPa) 

Tensile modulus 
(GPa) 

Strain to failure 
(%) 

K29_A01S 12.41 3.8 61.22 5.0 
K29_A02S 11.62 4.2 72.06 4.9 
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Table A-5 Analysis results for Kevlar KM2+ single-fiber tests (15-mm gage length) 

Specimen Diameter 
(µm) 

Tensile strength 
(GPa) 

Tensile modulus 
(GPa) 

Strain to failure 
(%) 

KM2p_A02 11.25 3.5 84.61 4.0 
KM2p_A03 11.17 2.7 94.14 2.8 
KM2p_A04 11.42 2.7 84.95 3.2 
KM2p_A05 11.38 2.8 85.71 3.3 
KM2p_B01 10.84 3.5 123.91 3.3 
KM2p_B02 10.66 3.5 98.75 3.6 
KM2p_B03 11.55 2.8 82.24 3.7 
KM2p_B04 11.28 3.4 94.93 3.6 
KM2p_C01 12.22 3.0 77.69 3.8 
KM2p_C02 11.52 2.6 91.73 2.9 
KM2p_C03 10.63 2.8 98.47 2.7 
KM2p_C04 11.40 3.2 98.15 3.5 
KM2p_D01 11.44 2.9 107.26 3.0 
KM2p_D02 12.23 3.0 79.68 3.6 
KM2p_D03 11.04 2.8 94.27 3.0 
KM2p_D04 11.00 2.3 87.42 2.8 
KM2p_E01 9.91 3.2 95.65 3.2 
KM2p_E02 10.69 3.0 76.11 3.7 
KM2p_E03 11.33 3.0 72.99 3.6 
KM2p_E04 10.62 3.4 83.32 3.8 

Average 11.18 3.0 90.60 3.4 
Standard 
deviation 0.53 0.3 11.56 0.4 

 

Table A-6 Analysis results for Kevlar KM2+ single-fiber tests (5-mm gage length) 

Specimen Diameter 
(µm) 

Tensile strength 
(GPa) 

Tensile modulus 
(GPa) 

Strain to failure 
(%) 

KM2p_A01S 11.87 2.5 63.23 3.5 
KM2p_A03S 11.71 3.2 65.40 4.6 
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Table A-7 Analysis results for Kevlar K49 single-fiber tests (15-mm gage length) 

Specimen Diameter 
(µm) 

Tensile strength 
(GPa) 

Tensile modulus 
(GPa) 

Strain to failure 
(%) 

K49_A01 12.37 3.0 103.07 2.6 
K49_A02 13.19 2.2 83.58 2.3 
K49_A03 13.44 2.5 86.91 2.4 
K49_A04 13.48 2.8 99.76 2.7 
K49_A05 12.15 3.3 117.45 2.7 
K49_B02 13.58 2.5 95.02 2.4 
K49_B04 12.97 2.7 112.50 2.3 
K49_B05 12.73 2.6 119.10 2.1 
K49_C01 13.65 2.8 82.64 3.0 
K49_C02 13.00 2.4 92.92 2.6 
K49_C03 12.80 3.1 98.13 3.1 
K49_C04 12.36 3.1 114.81 2.6 
K49_D01 13.37 2.2 73.10 2.6 
K49_D02 12.60 1.5 97.60 1.4 
K49_D03 12.94 2.3 94.64 2.3 
K49_D04 11.44 3.3 119.46 2.6 
K49_E01 13.55 2.6 99.09 2.6 
K49_E02 13.20 3.0 108.48 2.7 
K49_E03 13.08 3.1 114.97 2.6 
K49_E04 13.68 2.5 103.29 2.3 

Average 12.98 2.7 100.8 2.5 
Standard 
deviation 0.57 0.4 12.9 0.3 

 

Table A-8 Analysis results for Kevlar K49 single-fiber tests (5-mm gage length) 

Specimen Diameter 
(µm) 

Tensile strength 
(GPa) 

Tensile modulus 
(GPa) 

Strain to failure 
(%) 

K49_A01S 12.88 3.5 93.64 3.1 
K49_A02S 13.23 3.1 127.92 2.6 
K49_B01S 10.83 3.5 185.51 2.2 
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