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SUMMARY:  28 
The goal of the study was to develop protocols to prepare consistent specimens for accurate 29 
mechanical testing of high-strength aramid or ultra-high-molar-mass polyethylene-based flexible 30 
unidirectional composite laminate materials and to describe protocols for performing artificial 31 
ageing on these materials. 32 
 33 
ABSTRACT:  34 
Many body armor designs incorporate unidirectional (UD) laminates. UD laminates are 35 
constructed of thin (<0.05 mm) layers of high-performance yarns, where the yarns in each layer 36 
are oriented parallel to each other and held in place using binder resins and thin polymer films. 37 
The armor is constructed by stacking the unidirectional layers in different orientations. To date, 38 
only very preliminary work has been performed to characterize the ageing of the binder resins 39 
used in unidirectional laminates and the effects on their performance. For example, during the 40 
development of the conditioning protocol used in the National Institute of Justice Standard-41 
0101.06, UD laminates showed visual signs of delamination and reductions in V50, which is the 42 
velocity at which half of the projectiles are expected to perforate the armor, after ageing. A better 43 
understanding of the material property changes in UD laminates is necessary to comprehend the 44 
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long-term performance of armors constructed from these materials. There are no current 45 
standards recommended for mechanically interrogating unidirectional (UD) laminate materials. 46 
This study explores methods and best practices for accurately testing the mechanical properties 47 
of these materials and proposes a new test methodology for these materials. Best practices for 48 
ageing these materials are also described.  49 
 50 
INTRODUCTION:  51 
The National Institute of Standards and Technology (NIST) helps law enforcement and criminal 52 
justice agencies ensure that the equipment they purchase and the technologies that they use are 53 
safe, dependable, and highly effective, through a research program addressing the long-term 54 
stability of high-strength fibers used in body armor. Prior work1, 2has focused on the field failure 55 
of a body armor made from the material poly(p-phenylene-2,6-benzobisoxazole), or PBO, which 56 
led to a major revision to the National Institute of Justice’s (NIJ’s) body armor standard3. Since 57 
the release of this revised standard, work has continued at NIST to examine mechanisms of 58 
ageing in other commonly used fibers such as ultra-high-molar-mass polyethylene (UHMMPE)4 59 
and poly(p-phenylene terephthalamide), or PPTA, commonly known as aramid. However, all of 60 
this work has focused on the ageing of yarns and single fibers, which is most relevant for woven 61 
fabrics. However, many body armor designs incorporate UD laminates. UD laminates are 62 
constructed of thin fiber layers (<0.05 mm) where the fibers in each layer are parallel to each 63 
other5–7 and the armor is constructed by stacking the thin sheets in alternating orientations, as 64 
depicted in Supplemental Figure 1a. This design relies heavily on a binder resin to hold the fibers 65 
in each layer generally parallel, as seen in Supplemental Figure 1b, and maintain the nominally 66 
0°/90° orientation of the stacked fabrics. Like woven fabrics, UD laminates are typically 67 
constructed out of two major fiber variations: aramid or UHMMPE. UD laminates provide several 68 
advantages to body armor designers: they allow for a lower-weight armor system compared to 69 
those using woven fabrics (due to strength loss during weaving), eliminate the need for woven 70 
construction, and utilize smaller diameter fibers to provide a similar performance to woven 71 
fabrics but at a lower weight. PPTA has previously been shown to be resistant to degradation 72 
caused by temperature and humidity1, 2, but the binder may play a significant role in the 73 
performance of the UD laminate. Thus, the overall effects of the use environment on PPTA-based 74 
armor are unknown8.  75 
 76 
To date, only very preliminary work has been performed to characterize the aging of the binder 77 
resins used in these UD laminates and the effects of binder aging on the ballistic performance of 78 
the UD laminate. For example, during the development of the conditioning protocol used in NIJ 79 
Standard-0101.06, UD laminates showed visual signs of delamination and reductions in V50 after 80 
ageing1, 2, 8. These results demonstrate the need for a thorough understanding of the material 81 
properties with ageing, in order to evaluate the material’s long-term structural performance. 82 
This, in turn, necessitates the development of standardized methods to interrogate the failure 83 
properties of these materials. The primary goals of this work are to explore methods and best 84 
practices for accurately testing the mechanical properties of UD laminate materials and to 85 
propose a new test methodology for these materials. Best practices for ageing UD laminate 86 
materials are also described in this work.  87 
 88 
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The literature contains several examples of testing the mechanical properties of UD laminates 89 
after hot-pressing multiple layers into a hard sample9–11. For rigid composite laminates, ASTM 90 
D303912 can be used; however, in this study, the material is approximately 0.1 mm thick and not 91 
rigid. Some UD laminate materials are used as precursors to make rigid ballistic protective articles 92 
such as helmets or ballistic-resistant plates. However, the thin, flexible UD laminate can also be 93 
used to make body armor9, 13.  94 
 95 
The objective of this work is to develop methods for exploring the performance of the materials 96 
in soft body armor, so methods involving hot pressing were not explored because they are not 97 
representative of the way the material is used in soft body armor. ASTM International has several 98 
test-method standards relating to testing strips of fabric, including ASTM D5034-0914 Standard 99 
Test Method for Breaking Strength and Elongation of Textile Fabrics (Grab Test), ASTM D5035-100 
1115 Standard Test Method for Breaking Force and Elongation of Textile Fabrics (Strip Method), 101 
ASTM D6775-1316 Standard Test Method for Breaking Strength and Elongation of Textile 102 
Webbing, Tape and Braided Material, and ASTM D395017 Standard Specification for Strapping, 103 
Nonmetallic (and Joining Methods). These standards have several key differences in terms of the 104 
testing grips used and the specimen size, as mentioned below.  105 
 106 
Methods described in ASTM D5034-0914 and ASTM D5035-1115 are very similar and focus on 107 
testing standard fabrics rather than high-strength composites. For the tests in these two 108 
standards, the jaw faces of the grips are smooth and flat, although modifications are allowed for 109 
specimens with a failure stress greater than 100 N/cm to minimize the role of stick-slip-based 110 
failure. Suggested modifications to prevent slipping are to pad the jaws, coat the fabric under the 111 
jaws, and modify the jaw face. In the case of this study, the specimen failure stress is 112 
approximately 1,000 N/cm, and thus, this style of grips results in excessive sample slippage. ASTM 113 
D6775-1316 and ASTM D395017 are intended for much stronger materials, and both rely on 114 
capstan grips. Thus, this study focused on the use of capstan grips. 115 
 116 
Further, the specimen size varies considerably among these four ASTM standards. The webbing 117 
and strapping standards, ASTM D6775-1316 and ASTM D395017, specify to test the full width of 118 
the material. ASTM D677516 specifies a maximum width of 90 mm. In contrast, the fabric 119 
standards14, 15 expect the specimen to be cut widthwise and specify either a 25 mm or 50 mm 120 
width. The overall length of the specimen varies between 40 cm and 305 cm, and the gauge 121 
length varies between 75 mm and 250 mm across these ASTM standards. Since the ASTM 122 
standards vary considerably regarding specimen size, three different widths and three different 123 
lengths were considered for this study.  124 
 125 
The terminology referring to specimen preparation in the protocol is as follows: bolt > precursor 126 
material > material > specimen, where the term bolt refers to a roll of UD laminate, precursor 127 
material refers to an unwound amount of UD fabric still attached to the bolt, material refers to a 128 
separated piece of UD laminate, and specimen refers to an individual piece to be tested.  129 
 130 
PROTOCOL:  131 
 132 
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1. Cutting procedure for warp-direction specimens that are cut perpendicular to the axis of the 133 
roll 134 
 135 
1.1. Identify a bolt of unidirectional material to be tested.  136 
 137 
NOTE: There is no warp (used to describe the direction perpendicular to the axis of the roll) and 138 
weft (used to describe the direction parallel to the axis of the roll) in the traditional textile sense, 139 
as the material used here is not woven, but these terms are borrowed for clarity. 140 
 141 
1.2. Manually unroll the bolt to expose the precursor material (i.e., the identified material 142 
unwound from the bolt but still connected to the bolt).  143 
 144 
NOTE: The width of this bolt will become the material’s total length (refer to Supplemental Figure 145 
1b), so for a 300 mm gauge length (corresponding to a 600 mm total specimen length), using the 146 
procedure and testing grips specified below, the piece of material cut from the bolt should be 147 
600 mm wide. The length of this piece of material will be that of the width of the bolt on which 148 
the material is rolled (approximately 1,600 mm, in this case). This is depicted in Supplemental 149 
Figure 1b. 150 
 151 
1.3. Visually verify that the principal fiber direction is parallel to the width of the bolt, as shown 152 
in Supplemental Figure 1b. The fiber direction of the top layer of the material (i.e., that which a 153 
viewer sees when looking down onto the specimen) is termed the principal fiber direction. 154 
 155 
1.4. Cut a small tab in the precursor material with a scalpel, approximately 3 mm wide, with the 156 
tab’s length aligned nominally parallel with the principal fiber direction of the precursor material, 157 
as shown in Supplemental Figure 1c. 158 
 159 
1.5. Manually grasp the tab and pull it up to tear the tab away and expose the fibers on the layer 160 
underneath, running perpendicular to the tab. Keep pulling on the tab until the two layers have 161 
been separated across the whole length of the precursor material (Supplemental Figure 1d).  162 
 163 
NOTE: This step will produce a region where only cross fibers are visible, as shown in 164 
Supplemental Figure 1d. 165 
 166 
1.6. Remove any loose fibers neighboring the exposed cross fibers remaining from the edge of 167 
the tab.  168 
 169 
NOTE: In the current UD laminate system, it was observed that the fibers are not perfectly parallel 170 
(as shown in Figure 1) and that they may cross over neighboring fibers. Thus, fibers neighboring 171 
those being separated will frequently become separated in this process. The neighboring fibers 172 
that become loose may be as much as 1–2 mm away from the expected path of the tab used for 173 
separation. 174 
 175 
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1.7. Using a medical scalpel, cut along the exposed cross fibers, thus separating the piece of 176 
precursor material from the bolt. 177 
 178 
1.7.1. Determine the distance cut that dulls the blade, causing a less clean cut (i.e. after 400 cm 179 
of cutting this material, a scalpel could become dull and scratched, as shown in Supplemental 180 
Figure 2 and Supplemental Figure 3). Replace the blade before it becomes dull, or if it is 181 
damaged. Examine several cutting instruments when testing a different type of material to 182 
determine the best one. 183 
 184 
CAUTION: Care must be taken with all sharp blades or cutting tools to avoid injury. Cut-resistant 185 
gloves may be worn in this step to reduce the risk of injury. 186 
 187 
1.8. Turn over the material, so that now, the principal fiber direction is in the warp direction.  188 
 189 
NOTE: Since the principal fiber direction refers to the layer that is being viewed (the top layer), 190 
turning the material over will change the principal fiber direction from weft to warp (see 191 
Supplemental Figure 1b). 192 
 193 
1.9. Mark the grip lines on the material aligned in the weft direction.  194 
 195 
NOTE: These lines run from manufactured edge to manufactured edge, parallel to the cut edges 196 
and 115 mm from these cut edges. These will be further explained in step 4.4.1, but the grip lines 197 
are lines used when loading specimens (which are cut later) into the tensile testing grips. 198 
 199 
1.10. Determine the principal fiber direction for the specimen to be cut from the material, using 200 
step 1.3.  201 
 202 
NOTE: Be aware that fiber orientation may not be exactly perpendicular to the manufactured 203 
edge; in that case, follow the exact fiber line. Avoid the area near the manufactured edge because 204 
it may not accurately reflect bulk material properties. 205 
 206 
1.11. Orient the material on a suitable self-healing gridded cutting mat that is large enough to fit 207 
the width of the material (between the cut edges) and a length (weft direction) of at least 300 208 
mm, as referenced in step 1.16.  209 
 210 
1.11.1. Carefully align the fiber direction with the gridlines on the cutting mat. Use the cut edge 211 
of the material as a guide in lining up the material; however, aligning the fiber direction of the 212 
specimen is most important. 213 
 214 
1.11.2. Tape the material to the cutting mat.  215 
 216 
NOTE: Tape should never be placed anywhere near the center of the specimen; instead, it should 217 
be used at what will be the ends of the specimens to be cut from the material. The ends will be 218 
in the grips when a specimen is tested; therefore, any damage caused to the material by the tape 219 



  

Page 5 of 6  revised October 2016 
 

is minimized. Taping only the corners of the material that are far from the cut will ensure that 220 
the material will not move and that, when cutting a specimen, the blade will not also be cutting 221 
tape. Low-tack adhesive tape (e.g., painter’s tape) works well because it adheres well enough to 222 
keep the fabric in place without damageing the material when it is removed. 223 
 224 
1.12. Cut the specimens from the material using the blade and a straight edge. The strips formed 225 
are the specimens. Do not let the material move in this process; otherwise, determine the fiber 226 
direction anew and reorient the material accordingly. 227 
 228 
1.12.1. Place the straight edge at the desired location corresponding to the appropriate specimen 229 
width (i.e., 30 mm). Note that the medical scalpel is thin enough that no offset in the placement 230 
of the straight edge is necessary to account for the cutting location. Align the straight edge to the 231 
grid on the cutting mat or any other user-established reference line on the cutting mat. 232 
 233 
1.12.2. Clamp the straight edge in place by clamping on either end of the straight edge. Check 234 
the positioning of the straight edge after clamping, as it may have moved during the clamping 235 
process.  236 
 237 
1.13. Cut the specimen away from the material along the straight edge, using the medical scalpel. 238 
Ensure a single, clean, smooth cut, with a constant velocity and pressure.  239 
 240 
NOTE: Some pressure can be applied by the blade against the straight edge to keep the blade 241 
cutting precisely at the edge of the straight edge.  242 
 243 
CAUTION: Care must be taken to avoid injury, so it is advisable to wear cut-resistant gloves when 244 
handling the medical scalpel. Furthermore, since the smoothest cut can be obtained while cutting 245 
toward the body, wearing a cut-resistant apron or lab coat is advised. 246 
 247 
1.14. Examine the cut edge of the strip under the microscope. Change the blade if the cut edge 248 
has significantly more protruding fibers or other defects when compared to a cut made with a 249 
new, sharp blade.  250 
 251 
1.15. Unclamp the straight edge, taking care that the material does not move in the process. If 252 
the material did move, redetermine the fiber direction and reorient the material appropriately. 253 
 254 
1.16. Repeat steps 1.12–1.15 until the maximum number of specimens that can be cut from 300 255 
mm of material has been obtained.  256 

 257 
NOTE: For specimens with a width of 30 mm, 300 mm of material is equivalent to 10 specimens, 258 
while for specimens with a width of 70 mm, this is equivalent to 4 specimens. This 300 mm limit 259 
has been determined to work well for the unidirectional laminate studied here but may vary for 260 
other laminates.  261 
 262 
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1.17. Repeat steps 1.10–1.11 as needed (i.e., redetermine the principal fiber direction and 263 
reorient the material before continuing to cut more specimens).  264 
 265 
NOTE: The protocol can be paused here. If specimens are not to be used immediately, store them 266 
in a dark, ambient location. 267 
 268 
2. Cutting procedure for weft-direction specimens that are cut along the axis of the roll 269 
 270 
NOTE: There is no warp and weft in the traditional textile sense, as the material used here is not 271 
woven, but these terms are borrowed for clarity. 272 
 273 
2.1. Determine the width and length of the material desired according to the number and size of 274 
the specimens to be cut.  275 
 276 
NOTE: For this unidirectional laminate and for specimens with a gauge length of approximately 277 
300 mm, two specimens placed end to end can be cut along the width of the bolt. Thus, a set of 278 
40 specimens may be cut out in two columns of 20 specimens each, as shown in Supplemental 279 
Figure 4, prior to severing the material from the roll. If the width of the specimens is 30 mm, then 280 
the material should be cut at 20x the specimen’s width (as there are 20 specimens per column) 281 
with some extra space (i.e., 610 mm).  282 
 283 
2.1.1. Determine the fiber direction along the weft for the width of interest, following the 284 
instructions from steps 1.4–1.6. 285 
 286 
2.1.2. Cut the exposed cross fibers (i.e., across the warp fibers) using a blade, thus separating the 287 
precursor material from the bolt.  288 
 289 
CAUTION: Care must be taken with all sharp blades or cutting tools, to avoid injury. Cut-resistant 290 
gloves may be worn in this step to reduce the risk of injury. 291 
 292 
2.2. Prepare to cut off lengths that match the desired specimen length (i.e., cut in the warp 293 
direction at the specimen length of interest). To obtain a 300 mm gauge length (corresponding 294 
to a 600 mm total specimen length), using the procedure and testing grips specified below, keep 295 
in mind that the material should now be 600 mm x 610 mm. 296 
 297 
2.3. Follow steps 1.9–1.17 to cut out the desired specimens.  298 
 299 
NOTE: The protocol can be paused here. If the specimens are not to be used immediately, store 300 
them in a dark, ambient location. 301 
 302 
3. Analysis of cutting methods by scanning electron microscopy 303 
 304 
3.1. Prepare the samples for an analysis by scanning electron microscopy (SEM) by cutting 305 
squares of approximately 5 mm in length and width, preserving at least two edges of the square 306 
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from the cutting technique of interest. These preserved edges should be identified and are the 307 
edges that will be evaluated under the microscope. 308 
 309 
3.2. Mount the samples on the SEM sample holder by adhering them with tweezers onto suitable 310 
double-sided carbon tape.  311 
 312 
3.3. Coat the samples with a thin (5 nm) layer of conductive material, such as gold palladium 313 
(Au/Pd), to mitigate surface-charging effects under the scanning electron microscope.  314 
 315 
3.4. Load the samples into a scanning electron microscope and image them at about 2 kV of 316 
accelerating voltage and with a 50–100 pA electron current. Apply charge neutralization settings 317 
to counter charging effects where necessary.  318 
 319 
4. Tensile testing of UD laminate specimens 320 
 321 
4.1. Measure the grips to determine the difference between the crosshead initial location value 322 
and the distance between where the specimen contacts the top and bottom grips under minimal 323 
tension. Read the crosshead location from the testing software. Calculate an effective gauge 324 
length from this by measuring the effective gauge length at this crosshead location. Add the 325 
offset (amount of displacement) to the crosshead location to determine the effective gauge 326 
length (the measured effective gauge length minus the crosshead location).  327 
 328 
4.2. Number the specimens prepared according to sections 1 and 2 with a soft-tipped permanent 329 
marker so the order in which they were prepared is clear. Mark other information as well, such 330 
as the date of preparation and orientation. 331 
 332 
NOTE: The specimens used herein have dimensions of 30 mm x 400 mm—but sample dimensions 333 
may vary for other materials—and were obtained by following either section 1 or section 2. If the 334 
specimens are not to be used immediately, store them in a dark, ambient location. 335 
 336 
4.3. If the strain will be measured using a video extensometer, manually mark the gauge points 337 
with a permanent marker, using a template for consistency, as shown in Supplemental Figure 338 
5a, to give points for the video extensometer to track and, thus, measure strain. If the strain will 339 
be calculated from the crosshead displacement, skip this step. 340 
 341 
4.4. Load the specimen into the center of the capstan grips. 342 
 343 
4.4.1. Insert the end of the specimen through the gap in the capstan and position the end of the 344 
specimen at the grip line drawn in step 1.9, as shown in Supplemental Figure 5b. Take care to 345 
center the specimen on the capstan grips by aligning the center of the specimen within 346 
approximately 1 mm of the center of the capstan grips. 347 
 348 
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4.4.2. Turn the capstan to the desired position, making sure to keep the specimen centered. Use 349 
a tensioning device—for example, a magnet placed on the specimen if the grips are magnetic—350 
to gently hold the specimen in place, and lock the capstan in place with the locking pins. 351 
 352 
4.4.3. Repeat steps 4.4.1 and 4.4.2 for the other end of the specimen. 353 
 354 
4.5. Apply a preload of 2 N, or some other suitably small load. 355 
 356 
4.6. Record the crosshead displacement/actual gauge length. 357 
 358 
4.7. Program the instrument to perform the tensile test, at a constant rate of extension of 10 359 
mm/min, using the video extensometer or crosshead displacement to record the strain, and press 360 
start to begin the test.  361 
 362 
4.8. Monitor the display and stop the test when the sample has broken, as evidenced by a loss of 363 
90% in the observed load on the display. Record the maximum stress, which is the same as the 364 
failure stress due to the nature of the material, and the corresponding failure strain. Repeat steps 365 
4.3–4.8 for the remaining specimens. 366 
 367 
4.9. Save the broken specimens for further analysis. 368 

 369 
4.10. Check for stress at failure as a function of specimen number and original specimen 370 
placement in the material, as well as other indications of problematic data, for instance, data 371 
points that deviate extremely from the Weibull18 distribution, and investigate possible causes, 372 
such as samples damaged during preparation or handling, before continuing. 373 
 374 
5. Preparation of specimens for ageing experiments 375 
 376 
5.1. Beginning an ageing experiment 377 
 378 
5.1.1. Calculate the total amount of material needed for the study per environmental condition 379 
and based on a specimen extraction plan of every month for 12 months.  380 
 381 
NOTE: For this study, 40 specimens per extraction and a total of 12 extractions were used for 382 
planning purposes.  383 
 384 
5.1.2. Cut the total amount of material needed for each condition. Cut each strip wide enough to 385 
accommodate the required number of specimens plus at least 10 mm.  386 
 387 
NOTE: An extra 5 mm of material will be trimmed from each side of the specimen before 388 
performing tensile testing. The extra material is used because the edges of the samples may be 389 
damaged due to handling during the ageing protocol. 390 
 391 
5.1.3. Place the cut ageing strips in trays to be placed in the environmental chamber as shown in 392 
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Supplemental Figure 5c. The trays used in this study could each hold approximately 120 strips. 393 
 394 
5.1.4. Select exposure conditions for the environmental study based on the expected use and 395 
storage environment of the material2.  396 

 397 
NOTE: In this study, nominally 70 °C at 76% relative humidity (RH) was used.  398 
 399 
5.1.5. Program an environmental chamber for dry, room temperature conditions (e.g., about 400 
25 °C at 25% RH). Allow the chamber to stabilize at these conditions and, then, place the sample 401 
tray on a rack in the chamber, away from the walls and any locations in the chamber that appear 402 
to attract condensation. 403 
 404 
5.1.6. Program the environmental chamber to the desired temperature as determined in step 405 
5.1.4, leaving the humidity about 25% RH.  406 
 407 
5.1.7. Once the chamber has stabilized at the target temperature from step 5.1.4, program the 408 
chamber to increase the humidity to the desired level as determined in step 5.1.4. 409 
 410 
5.1.8. Check the chambers daily to ensure that water supply and filtration are adequate, and note 411 
when out-of-tolerance conditions are observed. Recording deviations and interruptions in a log 412 
on the front of each chamber or in a nearby notebook is a good practice. 413 
 414 
5.1.9. Repeat steps 5.1.5–5.1.8 for all other specimens of interest.  415 
 416 
5.2. Extracting aged material strips for analysis 417 
 418 
5.2.1. When ready to extract the aged material strips from an environmental chamber for 419 
analysis, first program the chamber to decrease the relative humidity to approximately 25% RH.  420 
 421 
5.2.2. After the environmental chamber has stabilized at the low-humidity condition, program 422 
the temperature to drop to, approximately, room temperature or 25 °C. This step prevents 423 
condensation when the chamber door is opened. 424 
 425 
5.2.3. Once the environmental chamber has stabilized at the conditions of step 5.1.5, open the 426 
chamber, remove the tray containing the aged material strips of interest, take out the desired 427 
strips, and place them in a labeled container.  428 
 429 
5.2.4. Return the tray to the environmental chamber.  430 
 431 
5.2.5. Following the procedure given in steps 5.1.6 and 5.1.7, return the chamber to the 432 
conditions of interest, if continuing the ageing study. If not, then it may remain at the nominally 433 
ambient state. 434 
 435 
5.2.6. Record the extraction on the chamber log, if one is being used. 436 
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 437 
5.2.7. Cut the aged specimens from the aged material strips, following steps 1.7–1.17. 438 
 439 
5.2.8. Test the specimens as described in section 4. 440 
 441 
REPRESENTATIVE RESULTS:  442 
Many iterations of cutting and testing were performed to investigate several different variables. 443 
Some variables that were examined include the cutting technique and cutting instrument, the 444 
testing rate, the specimen dimension, and the grips. One critical finding was the importance of 445 
aligning the specimens with the fiber direction. Data analysis procedures (consistency analysis, 446 
Weibull techniques, outlier determination, etc.) are discussed below, as are considerations for 447 
ageing. 448 
 449 
Cutting technique/instrument 450 
The cutting instrument may influence the measured failure stress because of the various levels 451 
of precision associated with each type of cutting instrument. The specimens referenced in Figure 452 
2, Figure 3, and Figure 4 were all cut with an electrically powered fabric cutter. In contrast, all 453 
other specimens were cut using the procedure outlined above in section 1 of the protocol, and 454 
the results for these specimens are presented in Figure 8 and Figure 10. The specimens cut with 455 
the powered fabric cutter had an average failure stress of 872 MPa (standard deviation of 46 456 
MPa, 102 specimens), while similarly sized specimens cut with a medical scalpel had an average 457 
failure stress of 909 MPa (standard deviation of 40 MPa, 40 specimens). These results are not 458 
surprising, as a closer examination of the edges of the specimens shows that the powered fabric 459 
cutter saw creates a much more jagged edge than the scalpel, as seen in Figure 5, effectively 460 
narrowing the width of the specimen. 461 
 462 
The difference in mechanical performance between specimens cut using these two cutting tools 463 
led to a structured investigation of various cutting tools. Specimens were cut using each tool and 464 
then imaged. Figure 6, Figure 7, and Supplemental Figure 7 show the resulting edges at high 465 
magnification, and Supplemental Figure 8 at lower magnification, for a) an electrically powered 466 
fabric cutter, b) a ceramic knife, c) a precision ceramic cutter, d) a rotary blade, e) a utility knife, 467 
and f) a medical scalpel.  468 
 469 
There appear to be both localized areas of damage and broader regions of damage exhibited in 470 
these images. The most localized damage is observed when fibers protrude from the frayed fiber 471 
edges or the edge of the fiber is bent and flattened by the blade as in Figure 6a. The broader 472 
regions of damage are observed as shearing and potential debonding, which occur in the cross 473 
fibers. 474 
 475 
Figure 6 and Figure 7 show that the use of the scalpel provides the cleanest cut with the most 476 
localized damage, as Figure 6f and Figure 7f depict cleaner cuts than seen in the other panels of 477 
Figure 6 and Figure 7. The cross fibers show no evidence of the fibers shearing due to the cut, 478 
and the damage at the end of the cross fibers is restricted to approximately half the fiber 479 
diameter. The utility knife creates a slightly larger damaged zone; however, the resulting fiber 480 
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cross sections are cleaner than those utilizing cutting methods other than the scalpel. All the 481 
other cutting methods create localized damage to an extent greater than one fiber diameter. 482 
Both the scalpel and the utility knife are sharp enough to split a fiber along its length and can 483 
result in a slightly ragged edge, as seen in Figure 5f,g. This is in contrast to Supplemental Figure 484 
7d, where the precision ceramic cutter damages the edge fibers by flattening them instead of 485 
cutting through them. Slicing through the edge fiber does not result in a large damaged zone in 486 
the bulk of the specimen, which would be created if an edge fiber were to be pulled out.  487 
 488 
Figure 5, Figure 6a, and Supplemental Figure 7b show typical damage due to the electrically 489 
powered fabric cutter. It creates an extremely frayed edge at a variety of length scales. The 490 
ceramic utility knife cuts in small sections, causing large-scale delamination and shear in groups 491 
of fibers, as can be seen in Figure 6b and Figure 7c. This is less prevalent with the precision 492 
ceramic cutter, although those results are not devoid of uneven cuts and frayed fibers, as seen 493 
in Supplemental Figure 8e. Cuts made with the rotary blade are not as straight as the other 494 
cutting methods (as seen in Supplemental Figure 7e, Supplemental Figure 8f,g, and Figure 7a,b) 495 
and can have large-scale fiber pullout (Supplemental Figure 7e). The images of cuts made by the 496 
utility knife and medical scalpel show little evidence of large-scale shear, delamination, or fiber 497 
pullout, as seen in Figure 6e,f, Figure 7e,f, and Supplemental Figure 7g,h. Comparing 498 
Supplemental Figure 8h with Supplemental Figure 8i, the medical scalpel does result in a better 499 
edge than the utility knife, with fewer frayed fibers sticking out, although for both methods, such 500 
fibers are only observed occasionally. 501 
 502 
When cutting precision samples for an examination by SEM, the scalpel gives the best 503 
performance. The ceramic utility knife pulls at the fibers at the beginning and ends of cuts, as 504 
does the precision ceramic cutter. The metal utility knife introduces maximum fiber pulls at the 505 
beginning of a cut. Cutting smaller sample pieces with either the powered fabric cutter or the 506 
rotary blades can be challenging and is impractical. 507 
 508 
The medical scalpel is the most precise in cutting nearest to the straight edge. The precision 509 
ceramic cutter has a large offset from the straight edge, in contrast, leading to more error in 510 
cutting a precise width of specimen. The rotary fabric cutter does not always cut the material 511 
but, instead, folds it at the point of the blade. The electric fabric cutter cannot be used against a 512 
straight edge, so it is difficult to make a perfectly straight cut with this tool. Thus, the medical 513 
scalpel tends to give the straightest cut nearest to the straight edge. It is also recommended that 514 
the cutting blade is replaced if it becomes nicked or damaged, or if the cut edges on the 515 
specimens no longer appear smooth when compared under a microscope to the edges cut with 516 
a fresh blade. 517 
 518 
Importance of aligning specimens with fiber direction 519 
An early set of tests consisted of 40 specimens that were cut using the electrical fabric cutter and 520 
had a width of 25 mm and a gauge length of 150 mm. These specimens were tested at a 521 
displacement loading rate of 40 mm/min, using the nonoptimized initial grip design. The testing 522 
showed that specimens 1 through 20 were well aligned with the fiber direction, while specimens 523 
21 through 40 were accidentally misaligned by less than 2° (i.e., the fiber direction was not 524 
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parallel to the main length direction of the specimen). When a specimen is misaligned, a 525 
characteristic behavior is observed during the test. One side of the specimen will shear upward 526 
while the opposite side shears downward, such that a line that was drawn straight across the 527 
specimen before testing will no longer be straight. This is depicted in Supplemental Figure 6 and 528 
is due to the edge fibers not being in both capstans. 529 
 530 
Due to the misalignment of specimens 21 through 40, there is a distinct difference between the 531 
maximum stress (occurring at failure) of specimens 1 through 20 as compared to specimens 21 532 
through 40, as can be seen in Figure 2. Figure 2a presents the maximum stress (occurring at 533 
failure) as a function of the specimen number for the misaligned specimens. A homogeneous 534 
population of maximum stress would be evenly distributed across the whole area, as in Figure 535 
2b. However, in Figure 2a, there are no data in the first and third quadrants, other than one 536 
outlier in quadrant 3, marked as specimen number 13. Figure 2c is a Weibull plot of the two 537 
groups and includes the 99% confidence bounds for the associated Weibull distributions. The 538 
distributions from the first 20 specimens, group 1, and the second 20 specimens, group 2, are 539 
again different, with specimens 1 through 20 exhibiting a higher stress-to-failure than specimens 540 
21 through 40. This observation is further clarified in Figure 2d, where the outlier specimen, 541 
number 13, has been removed. In Figure 2d, only one data point barely overlaps with the 99% 542 
confidence bounds of the other group; otherwise, there is no overlap in the data.  543 
 544 
A misalignment of the specimen with the fiber direction of the material has been shown to give 545 
deceptively weaker results, as the misalignment effectively narrows the specimen width. This can 546 
be avoided by frequently determining the fiber direction during cutting, taking care to prevent 547 
the material from shifting, and measuring from a fixed point on the cutting mat (as compared to 548 
the specimen edge) when cutting the specimens. A misalignment can be observed experimentally 549 
during testing through its characteristic distortion pattern, as shown in Supplemental Figure 6. If 550 
the specimens are all equally misaligned, the effect will be mostly in the Weibull scale 551 
parameters. In contrast, if the specimens are randomly misaligned, both the Weibull shape and 552 
scale parameters will be affected. 553 
 554 
Theory 555 
When tested in tension along the fiber direction, UD laminates can be assumed to behave 556 
similarly to a fiber tow, comprised of parallel fibers in a matrix. When a fiber breaks, it will 557 
redistribute its load over neighboring fibers over some width and length, and a useful model 558 
could be built around the concept of a chain of small bundles of filaments, where the surviving 559 
filaments share the load equally. So inevitably, fiber strength properties and strip properties are 560 
related, as described by Coleman19–23. A detailed discussion of applicable theory can also be 561 
found in Phoenix and Beyerlein24, and the time-dependent properties of fibers were addressed 562 
by Phoenix and Newman25, 26. This theory develops a Weibull failure distribution starting from 563 
the assumption that the occurrence of natural, inherent flaws along a fiber is well described by a 564 
Poisson-Weibull model. From this, a size effect naturally falls out. Simply put, the larger the 565 
volume of material, the lower the failure stress. This is due to the fact that, in a larger volume of 566 
material, there is a higher probability that the natural, inherent flaws in the fibers will collocate, 567 
creating a weak spot, and thus, lowering the failure stress. 568 
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 569 
Testing rate 570 
Table 1 shows a comparison of results using three different loading rates. As the loading rate 571 
increases, the failure stress also increases. There does not appear to be an effect on the failure 572 
strain, so the modulus also appears to increase with an increasing loading rate. 573 
  574 
The advantage of testing at different loading rates is that the tests interrogate different aspects 575 
of the composite. Slow tests are more reliant on the matrix properties, particularly matrix shear 576 
creep, while fast tests primarily explore fiber failure stress25, 26. It is important in choosing a 577 
loading rate to pick one that captures the behavior of interest. 578 
 579 
Specimen width 580 
Table 2 shows the effect of increasing the specimen width. By increasing the specimen width, the 581 
edge effects from cutting should become less important as they take up less of the specimen 582 
width. Also, any inaccuracies in measuring the width of the specimens become less important. 583 
The increased consistency with increased specimen width is observed in the decrease of the 584 
standard deviation of the failure stress. At a width of 10 mm, the mean failure stress is lower, 585 
and the standard deviation is higher than that of wider specimens, suggesting that narrow 586 
specimens can suffer from significant edge effects. The failure strain decreases with increasing 587 
width, perhaps also due to the lessened impact of edge effects. 588 
 589 
The wider the specimen width, the smaller the influence will be from edge effects and, therefore, 590 
the increased consistency of the specimens. Thus, wider specimens yield better results. However, 591 
there is a trade-off in terms of material expense and the cost of grips to test wider, and thus 592 
stronger, specimens. 593 
 594 
As discussed above, theory predicts a decrease in failure stress with increasing width24. This is 595 
noted when comparing the specimens that are 30 mm with the 70 mm-wide specimens. The large 596 
decrease in failure stress of the 10 mm-wide specimens is probably due to the increased 597 
significance of edge effects at such narrow widths. 598 
 599 
Specimen length 600 
As previously discussed, the theory predicts a decrease in failure stress with increasing length24. 601 
The results presented in Table 3 show this but are also confounded by the loading rate being 602 
constant at 10 mm/min, rather than holding the strain rate constant. Decreasing the strain rate 603 
(as happens with a fixed loading rate of 10 mm/min and an increasing gauge length) also causes 604 
a decrease in failure stress. The standard deviation for the failure stress increases more than can 605 
simply be explained by the different strain rates. This phenomenon could be because longer 606 
specimens are more difficult to cut, and edge fibers invariably get cut somewhere along the edge 607 
length, effectively reducing the width of the specimen in a random way. Specimens longer than 608 
the length of the cutter’s arm are particularly difficult, as it no longer becomes possible to cut 609 
them with a single smooth cut with constant velocity. The decrease in the failure strain as the 610 
length increases indicates that not all the decrease in failure stress is due to the slower strain rate 611 
for longer specimens. 612 
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 613 
Specimens tested to failure with a gauge length of 100 mm typically show delamination 614 
throughout the entire gauge length of the specimen.    Specimens tested to failure with a gauge 615 
length of 900 mm, exhibit delamination occurs only in a region (typically near the middle) of the 616 
gauge, leaving a sizeable portion of the specimen intact, as could be expected from a chain-of-617 
bundles model. 618 
 619 
Grips 620 
The grips should be in capstan style. Rotating capstans provide more ease in loading, and only 621 
four locking positions for the capstan helps ensure consistency. Capstan grips that close and 622 
clamp on the material can be used on exceedingly high-strength slippery materials. However, the 623 
fixed opening capstans used in this study work for both UHMMPE and aramids. 624 
 625 
A study was done comparing two different types of capstan grips, using a different material. For 626 
the first set, the capstan was fixed, and the specimen was not aligned with the load cell but, 627 
instead, offset by half the width of the capstan. The second set consisted of rotating capstans 628 
with pins to lock them in place during testing. Furthermore, these capstans were offset to align 629 
the specimen with the load cell and, thus, prevent a moment on the load cell during loading. The 630 
failure load distributions were very similar for these grips, as shown in Figure 8. The rotating grips 631 
may give a marginally weaker distribution than the fixed grips, likely due to their wider radius 632 
capstan and, thus, longer load transfer length. Furthermore, the fixed grips may have a marginally 633 
larger variance than the rotating grips, as there is a higher likelihood of damageing the specimen 634 
during loading when the capstans are fixed due to the difficulties in wrapping the specimen 635 
around the capstans. The difference between these grips is evident when comparing load vs. 636 
extension plots. The results from ten representative specimens are shown in Figure 9 for the 637 
fixed and rotating grips. The curves for the rotating grips are smooth and consistent, while in 638 
contrast, the fixed grip curves frequently show that the specimens were slipping. When the 639 
capstans are fixed in place, it becomes challenging to tighten down on the material, as several 640 
wraps are required to prevent the specimen from slipping through the grips entirely. 641 
 642 
Data analysis 643 
There is a certain amount of variability inherent in UD laminate materials. The goal of the 644 
cutting/testing procedure presented herein is to minimize the additional variability added in 645 
specimen preparation and testing. Outlying data points could either be attributed to the inherent 646 
distribution of the UD laminates or could be a cutting/testing artifact. The following paragraphs 647 
discuss a few techniques to separate the artifacts from the distributions.  648 
 649 
Failure stress as a function of specimen number 650 
A plot of the failure stress as a function of specimen number can show general trends in a group 651 
of specimens. Unless the material is variable on the macro scale, the inherent variability of the 652 
material should not be observed on such a plot. Figure 2b shows an example of a group of self-653 
consistent specimens, in contrast to Figure 2a. 654 
 655 
This lack of consistency amongst specimens may not be evident in other analyses. Returning to 656 
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the example of the misaligned specimens, the difference in failure stress is clear from Figure 2. 657 
However, it is not clear from looking at the data for specimens 1 through 40. This is shown in 658 
Figure 3, a Weibull plot with 99% confidence bounds for specimens 1 through 40. There is no 659 
obvious indication in Figure 3 that the cutting was inconsistent. Furthermore, the failure strains 660 
for these same specimens, plotted in Figure 4 as a function of specimen number, also show no 661 
evidence of the misalignment/lack of consistency, while the failure stresses do, as shown in 662 
Figure 2a.  663 
 664 
Weibull distribution and outliers 665 
Given the nature of this UD laminate material, it is expected to have a Weibull failure stress 666 
distribution19–26. This distribution is expected to have a shape parameter that is considerably 667 
higher than the associated shape parameter for a single fiber, due to the load-sharing among 668 
fibers24–26. Standard statistical tests can be performed to determine if the failure stress of a batch 669 
of specimens is well described by a Weibull distribution. 670 
 671 
With the Weibull distribution, a certain number of low-strength specimens are expected. This 672 
makes the determination of outliers more difficult than if the data were from a normal 673 
distribution. For example, in Figure 9c, the specimen giving a datum in the lower left quadrant 674 
appears to be an outlier. Figure 9b presents the same data, only without the potential outlier 675 
identified in Figure 9a. Suspect data points should be investigated, particularly those that fall 676 
outside the 95% maximum likelihood confidence interval. 677 
 678 
Ageing 679 
Table 4 presents the ageing results for specimens 30 mm wide with an effective gauge length of 680 
300 mm, tested at a loading rate of 10 mm/min. These results show no effects of ageing. PPTA 681 
has previously been shown to be resistant to degradation caused by temperature and humidity1, 682 
2. Thus, it is not particularly surprising that tensile tests at this strain rate, where the matrix does 683 
not play a major role, do not show significant degradation over time, for the period allowed for 684 
this ageing experiment. 685 
 686 
In summary, the cutting technique can play a big role in the effective width of the specimen, so 687 
it is important to choose one that gives consistent results with a minimum of specimen damage. 688 
A medical scalpel was found to work best in this study. The type of grips can lead to misleading 689 
features in the stress-strain curves; thus, based on this study, rotating capstans are 690 
recommended. The loading rate, specimen width, and specimen length all affect the final 691 
strength value and must be chosen with care. In particular, the specimen width must be wide 692 
enough so that any fluctuations in cutting do not have an undue influence on the results, and the 693 
specimen length must be long enough that the specimen fails between the grips but not so long 694 
as to make it hard to cut. By holding all of the above constant, scientists can identify the effects 695 
of ageing. 696 
 697 
FIGURE AND TABLE LEGENDS:  698 
 699 
Figure 1: SEM image of UD material, with red and blue lines following individual surface fibers 700 
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to highlight nonparallel fibers. 701 
 702 
Figure 2: Plots of failure stress for aligned and misaligned specimens. (a and b) Plots of the 703 
failure stress of each specimen as a function of its specimen number. Panel a consists of 40 704 
specimens of which group 1, specimens 1–20 and circled in red, are well aligned and group 2, 705 
specimens 21–40 and circled in blue, are misaligned with the fiber direction. Panel b consists of 706 
40 well-aligned specimens. (c and d) Plots of the Weibull distributions of the two groups with 707 
99% confidence bounds, showing a minimal overlap of the data points from group 2 with the 708 
bounds of group 1. Panel c shows an outlier. Panel d does not show specimen 13, which is an 709 
outlier as it is far away from the maximum likelihood estimate for the distribution. The specimens 710 
were about 25 mm wide, tested at nominally 40 mm/min, and cut with an electric fabric cutter. 711 
 712 
Figure 3: A Weibull plot of both group 1 and 2 (as described in Figure 2) together, showing 99% 713 
confidence bounds. 714 
 715 
Figure 4: A plot of the failure strain of each specimen as a function of its specimen number, for 716 
the same set of specimens as shown in Figure 2 and Figure 3. The specimens were about 25 mm 717 
wide, tested at a tensile displacement loading rate of approximately 40 mm/min, and cut with an 718 
electric fabric cutter.  719 
 720 
Figure 5: A jagged edge, typical of a cut made with the electrically powered fabric cutter. 721 
 722 
Figure 6: SEM images of the edges of the cross-cut fibers with insets of stereomicroscope 723 
images. The cut was made with (a) an electrically powered fabric cutter, (b) a ceramic knife, (c) 724 
a precision ceramic cutter, (d) a rotary blade, (e) a utility knife, and (f) a medical scalpel. 725 
 726 
Figure 7: Overview of the cut, produced by SEM images of the corners. SEM images of the 727 
corners, giving an overview of the cut produced by (a) an electrically powered fabric cutter, (b) a 728 
ceramic knife, (c) a precision ceramic cutter, (d) a rotary blade, (e) a utility knife, and (f) a medical 729 
scalpel. 730 
 731 
Figure 8: Weibull plot comparing the failure load for two different sets of capstan grips. 732 
 733 
Figure 9: Load vs. extension plots of 10 representative specimens. Testing performed using (a) 734 
fixed and (b) rotating capstan grips 735 
 736 
Figure 10: Failure stress distributions. Failure stress distributions plotted using Weibull scaling, 737 
for specimens with a gauge length of 300 mm, a width of 30 mm, loaded at 10 mm/min, and cut 738 
along the ‘warp’ direction, (a) including an outlier and (b) without outlier. 739 
 740 
Table 1: Mean values, with standard deviations in parenthesis, showing the effects of varying 741 
the loading rate on specimens with a gauge length of 300 mm, 30 mm wide, and cut along the 742 
‘warp’ direction, where each batch is at least 35 specimens. 743 
 744 
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Table 2: Mean values, with standard deviations in parenthesis, showing the effects of varying 745 
the width on specimens with a gauge length of 300 mm, a loading rate of 10 mm/min, and cut 746 
along the ‘warp’ direction, where each batch is at least 35 specimens. 747 
 748 
Table 3: Mean values, with standard deviations in parenthesis, showing the effects of varying 749 
the length on specimens with a width of 30 mm, a loading rate of 10 mm/min, and cut along 750 
the ‘warp’ direction, where each batch is at least 35 specimens. 751 
 752 
Table 4: Mean values, with standard deviations in parenthesis, showing the effects of ageing 753 
at 70 °C with 76% RH on specimens with a gauge length of 300 mm, a width of 30 mm, a loading 754 
rate of 10 mm/min, and cut along the ‘warp’ direction, where each batch is at least 35 755 
specimens. 756 
 757 
Supplemental Figure 1: Schematic of UD laminates. (a) Fiber (cylinders) orientation in two 758 
unidirectional (UD) layers, one with a 0° orientation and the other with a 90° orientation. (b) 759 
Schematic for cutting a piece of UD material from its bolt. The bolt’s width is measured along the 760 
red dotted line. For the piece of material cut off, the length is measured along the red dotted 761 
line, and the width is measured perpendicular to the length. The ‘warp’ direction is indicated by 762 
the blue arrow, and the ‘weft’ direction is indicated by the red arrow. The principal fiber direction 763 
is defined as the direction of the uppermost layer (i.e., along the red arrow/weft direction). Since 764 
the principal fiber direction refers to the layer that is being viewed (the top layer), turning the 765 
material over will change the principal fiber direction from weft to warp. Note that there is no 766 
warp and weft in the traditional textile sense, as the material used here is not woven. (c) 767 
Schematic showing a small tab of material, cut in preparation for separation. (d) UD laminate 768 
after separating the top layer from the unidirectional material. The green dashed line indicates 769 
where to cut to separate the precursor material from the roll. 770 
 771 
Supplemental Figure 2: SEM comparison. SEM comparison was performed between (a) a side 772 
view of a new, sharp scalpel blade with an unnotched edge, (b) an edge-on view of a new scalpel 773 
blade showing how the blade comes to a fine point, (c) a side view of a used scalpel blade with a 774 
defect in the edge and scratches along the edge, and (d) an edge-on view of a used scalpel blade 775 
showing that the blade no longer has as fine an edge and is now dull. Arrows mark the blade’s 776 
edge. 777 
 778 
Supplemental Figure 3: A used scalpel blade, with the arrow pointing to scratches along the 779 
length of the blade.  780 
 781 
Supplemental Figure 4: Cutting layout. Specimens are cut along the weft direction, where the 782 
red arrow indicates both the principal fiber direction and the weft direction, while the blue arrow 783 
indicates the warp direction. The terms weft and warp are used to reference standard textile 784 
directions, although they are not strictly applicable as the UD material is not woven. 785 
 786 
Supplemental Figure 5: Photographs of the specimen at various stages of preparation. (a) 787 
Marking video extensometer points using a template. (b) Loading the specimen, specifically 788 



  

Page 18 of 6  revised October 2016 
 

positioning the end of the specimen at the grip line. Take care to center the specimen on the 789 
capstan grips by aligning the center of the specimen within approximately 1 mm of the center of 790 
the capstan grips. (c) Specimens in the environmental chamber. 791 
 792 
Supplemental Figure 6: Schematic of characteristic behavior during loading of a misaligned 793 
specimen. A horizontal line is drawn across it. (a) Schematic of the unloaded specimen. In (b), 794 
the specimen is loaded. (c) Actual misaligned specimen. The red arrows show the direction of the 795 
applied stress.  796 
 797 
Supplemental Figure 7: SEM images focusing on typical cutting damage on material cut. The 798 
cuts were made with (a) a dull utility knife; (b) an electrically powered fabric cutter, showing large 799 
amounts of damage parallel to the cut fibers; (c) a ceramic knife, showing how the knife cuts in 800 
sections, as well as the large sheared region that extends well into the material; (d) a precision 801 
ceramic cutter, showing how the ceramic blade does not cut through the fibers themselves; (e) 802 
a rotary blade, showing fiber pullout as well as a wavy cutting edge; (f) a utility knife, showing 803 
how a utility knife cuts through the fibers and can have a hairy edge; (g) a medical scalpel, 804 
showing how the scalpel can cleanly slice through fibers; (h) a medical scalpel, showing that the 805 
damage from the cut is localized with no larger-scale shear, delamination, or fiber pullout. 806 
 807 
Supplemental Figure 8: Stereomicroscope images of typical edge defects. The cut was made 808 
with (a) an electrically powered fabric cutter, showing large-scale frayed edges; (b) an electrically 809 
powered fabric cutter, showing small-scale frayed edges; (c) a ceramic knife, showing uneven 810 
cutting; (d) a ceramic knife, showing frequently frayed fibers; (e) a precision ceramic cutter, 811 
showing uneven cutting and frayed fibers; (f) a rotary blade, showing a cleaner yet less straight 812 
edge; (g) a rotary blade, showing a fairly common defect; (h) a utility knife, (i) a medical scalpel. 813 
 814 
DISCUSSION:  815 
Proper determination of the fiber direction is critical. The advantage of the method described in 816 
steps 1.4–1.6 of the protocol is that there is complete control over how many fibers are used to 817 
start the separation process. However, this does not mean that there is a complete control over 818 
the final separated region’s width, as the fibers are not fully parallel and can cross over each 819 
other. In the process of separating one batch of fibers, frequently, fibers neighboring those being 820 
separated will also be separated, due to this crossover. Thus, to get a true reading on the fiber 821 
direction, loose neighboring fibers must also be removed until there is a clean edge with no 822 
protruding fibers. 823 
 824 
Consistency between specimens is also critical. In step 1.9 of the protocol, the grip lines are 825 
drawn before cutting the specimens so that the specimens will have a common length between 826 
grip lines, thus helping to ensure a consistent gauge length across specimens. The ideal distance 827 
from the edge of the specimen to the grip line is a function of both the coefficient of friction of 828 
the material itself and that of the grips, as well as the physical dimensions of the grips. This 829 
distance is an amount best determined experimentally, testing different distances to determine 830 
a sufficiently short distance with no slipping occurring during a tensile test. In step 1.12.1 of the 831 
protocol, it is important to use the cutting mat as a reference guide for the specimen width to 832 
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ensure that the specimens, on average, are the desired width. Measuring from the edge of the 833 
material can introduce errors and will not guarantee that these errors are such that the average 834 
specimen width is the desired width. Refer to Refer to the representative results for further 835 
discussion of this point. 836 
 837 
Potential modifications to the procedure include adjusting the specimen width, the effective 838 
gauge length, the strain rate, the grips, the frequency of changing the blade, the distance from 839 
the end of the specimen to the grip line, how often to reorient the material to the fiber direction 840 
when cutting, and the preload value when testing. The effects of changing the specimen width, 841 
the effective gauge length, the strain rate, and the grips are discussed in the representative 842 
results. How often to reorient the material depends on the consistency of the fiber direction in 843 
the material and on the ability of the cutter to not move the material during the cutting process 844 
and is also best determined experimentally. The cutting distance after which a blade becomes 845 
dull will vary, depending on the material and blade type. This should be determined for each 846 
different combination of material and blade by examining the edge of the specimen, as well as 847 
the edge of the blade, under a microscope. The distance from the end of the specimen to the 848 
grip line is a function of how slippery the material is. A slippery material with a low coefficient of 849 
friction, such as UHMWPE, will require a longer distance to the grip line. This is experimentally 850 
determined by changing this distance until the specimen no longer slips in the grips while testing. 851 
The preload value when testing should be sufficiently large to take up the slack, yet not too large. 852 
In this study, the 2 N used was at the low end, only barely removing the slack.  853 
 854 
Currently, there are no standard test methods for measuring the mechanical properties of such 855 
thin (<0.25 mm), flexible UD laminates, and the available literature for the mechanical testing of 856 
these materials is focused on UD laminates that have been hot-pressed into a solid composite 857 
block11–14, which is not always representative of their end use condition. The methodology 858 
presented in this paper allows for the tensile testing of flexible UD laminates, without the need 859 
to add additional sources of variability and change their material properties by hot-pressing them 860 
prior to testing.  861 
 862 
Future applications of this method are for a long-term ageing study on both aramid- and 863 
UHMWPE-based laminates. This method will also be proposed as an ASTM standard to test UD 864 
soft laminate materials, providing for a mechanism to monitor the failure stress of these 865 
materials both after manufacture and, potentially, during use in body armor applications. 866 
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Name of Material/ Equipment Company Catalog Number Comments/Description

Capstan Grips Universal 

grip 

company 20kN wrap grips

Capstan grips used in testing

Ceramic knife Slice 10558

Ceramic precision blade Slice 00116

Clamp Irwin

quick grip mini bar 

clamp
Confocal Microscope

Cutting Mat Rotatrim A0 metric self healing cutting mat
Denton Desktop sputter coater sputter coater
FEI Helios 660 Dual Beam FIB/SEM FEI Helios Scanning electron microscope

Motorized rotary cutter Chickadee

Rotary Cutter Fiskars 49255A84
Stereo Microscope National DC4-456H

Straight edge

McMaster 

Carr 1935A74

Surgical Scalpel Blade

Sklar 

Instruments

Surgical Scalpel Handle

Swann 

Morton

Universal Test Machine Instron 4482 Universal test machine

Utility knife Stanley 99E
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Item 2 (check one box): 
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ARTICLE AND VIDEO LICENSE AGREEMENT 

1. Defined Terms.  As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries 
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled into a
collective whole; “CRC License” means the Creative Commons
Attribution-Non Commercial-No Derivs 3.0 Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JoVE”
means MyJove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties” 
means the Author and JoVE; “Video” means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.

2. Background.  The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article.  In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article.  In consideration of JoVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above.  The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats.  If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.
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4. Retention of Rights in Article.  Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’s copyright in the Article is
included.  All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video – Standard Access.  This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above.  In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video.  To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE. 

6. Grant of Rights in Video – Open Access.  This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above.  In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above.  The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees.  If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such

statute.  In such case, all provisions contained herein that are 
not in conflict with such statute shall remain in full force and 
effect, and all provisions contained herein that do so conflict 
shall be deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 

8. Likeness, Privacy, Personality.  The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties.  The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials.  If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party.  The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion.  If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution.  If more than one
author is listed at the beginning of this Agreement, JoVE may, 
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author.  JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE.  JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the 
Author’s institution as necessary to make the Video, whether 
actually published or not.  JoVE has sole discretion as to the 
method of making and publishing the Materials, including, 
without limitation, to all decisions regarding editing, lighting, 
filming, timing of publication, if any, length, quality, content 
and the like. 
 
11.  Indemnification.  The Author agrees to indemnify JoVE 
and/or its successors and assigns from and against any and all 
claims, costs, and expenses, including attorney’s fees, arising 
out of any breach of any warranty or other representations 
contained herein.  The Author further agrees to indemnify and 
hold harmless JoVE from and against any and all claims, costs, 
and expenses, including attorney’s fees, resulting from the 
breach by the Author of any representation or warranty 
contained herein or from allegations or instances of violation 
of intellectual property rights, damage to the Author’s or the 
Author’s institution’s facilities, fraud, libel, defamation, 
research, equipment, experiments, property damage, personal 
injury, violations of institutional, laboratory, hospital, ethical, 
human and animal treatment, privacy or other rules, 
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