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Abstract 

High-performance synthetic fibers, especially aramid fibers, are widely used for body armor applications 

for their strength, stiffness, and excellent strength-to-weight ratio. Among those, Kevlar and Twaron 

(hereafter Aramid A and Aramid B, respectively) are extensively used for their superior thermal stability, 

high modulus, and proven ballistic performance. However, their tensile behavior under high strain rate 

(HSR) conditions approaching ballistic impact rates remains insufficiently characterized due to 

experimental challenges in measuring stress and strain at break at the single-fiber level. Previous studies 

have suggested moderate strain rate sensitivity in aramid-based fibers, but small sample sizes and limited 

accuracy in failure strain measurement under HSR have constrained the statistical robustness of the 

findings. In this study, a custom single-fiber tensile Kolsky bar instrument was configured for HSR tensile 

testing with accurate specimen alignment, gripping, and pulse quality. A rigid-body digital image 

correlation (DIC) method was implemented to track relative grip displacements and measure the strain at 

failure, enabling accurate measurements of failure force, strain, and strain rate at the single-fiber level. 

Using 62 samples per fiber at HSR and 100 per group under quasi-static (QS) conditions, clear strain-rate-

dependent strengthening was observed in both fiber types. Maximum force, failure stress, and failure 

strain increased by approximately 28.5 % to 35.6 % under HSR compared to QS. The large sample size 

enabled a statistically robust assessment using distributional and non-parametric analyses, showing that 

Aramid B exhibited more uniform failure distributions than Aramid A. The approach establishes a 

practical framework for quantifying single-fiber strain-rate sensitivity.
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1. Introduction 

Ballistic-resistant, flexible body armor, often referred to as soft body armor, is critical for protecting 

emergency responders, including military personnel, police officers, firefighters, and emergency medical 

responders. According to the International Association of Chiefs of Police and the DuPont Kevlar 

Survivors’ Club, body armor has saved over 3100 officers since 1975 [1]. Body armor effectiveness is 

commonly assessed using the destructive ballistic limit (V50) test, defined as the projectile velocity at 

which penetration occurs in 50 % of cases [2]. Soft body armor typically consists of multi-layered fabrics 

or flexible fiber composites. Among the fibers used in body armor, poly-paraphenylene terephthalamide 

or PPTA, was first developed by DuPont in the 1960s and marketed as Kevlar1 [3]. A similar aramid fiber 

with the same chemical structure, Twaron, was subsequently developed by Teijin [4]. These are the most 

common aramid fibers used in flexible body armor today, composed of highly oriented PPTA molecular 

chains with para-linkages that provide high axial strength and stiffness, making the fibers highly 

anisotropic [5], [6] and thermally stable, with decomposition around 500 °C [7], [8]. The ballistic 

performance during V50 testing of this class of armor largely derives from the mechanical performance of 

individual fibers during tensile loading [9]. However, fibers within the impact zone also experience 

complex multiaxial loading, including transverse compression, shear, and localized axial compression 

[10], [11]. Because PPTA fibers are much weaker in compression than in tension, compressive 

deformation can produce kink-band formation and fibrillation that reduce the residual tensile strength of 

the fibers [12], [13]. While this compressive behavior plays a direct role in energy dissipation and governs 

how much tensile capacity can be realized at the impact site [8], [11], axial tension remains the dominant 

mechanism and ultimate failure mode [8]. Consequently, ultimate tensile properties remain the primary 

inputs for ballistic performance models and are the focus of this work.  

Mechanical performance characterization of body armor fibers is often conducted under quasi-static (QS) 

conditions, many orders of magnitude slower than the strain rates experienced during ballistic impacts. 

Since the polymer fibers exhibit viscoelasticity, a number of studies have examined the effect of strain 

rate using high strain rate (HSR) tensile testing methods to characterize the response of ballistic fibers 

under more realistic loading conditions. To study single fiber behavior under HSR conditions, the split 

Hopkinson (Kolsky) pressure bar technique was adapted by several groups for single fiber tensile testing 

[14]. Studies using similar systems on PPTA-based aramid fibers showed a modest effect on tensile 

strength, modulus, and toughness, increasing as strain rate increased [15], [16], [17], [18], [19], [20]. 

However, the magnitude, consistency, and statistical robustness of the reported rate effects in aramid 

fibers remain less clear. For example, Cheng et al. [19] reported only about 4 % increase in strength for 

Kevlar KM2. Others, such as Kim et al. [18] found an approximately 14 % increase, while Lim et al. [16] 

observed 6 % to 12 % increases across three aramid fiber types, and Sanborn and Weerasooriya [20] 

reported an 18.6 % increase for unwoven Kevlar KM2 fibers, based on mean failure stress values of (4.30 

± 0.49) GPa at QS rate and (5.10 ± 0.41) GPa at HSR. 

 
1 Certain equipment, instruments, software, or materials are identified in this paper in order to specify the 

experimental procedure adequately.  Such identification is not intended to imply recommendation or endorsement of 

any product or service by the National Institute of Standards and Technology, nor is it intended to imply that the 

materials or equipment identified are necessarily the best available for the purpose. 
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Aramid fiber rate sensitivity and viscoelasticity arise through a combination of mechanisms during tensile 

loading from the anisotropy crystallinity introduced during the drawing process and the presence of both 

covalent bonds and weaker secondary bonds [21]. The covalent bonds within the molecular chains deform 

elastically, while secondary bonds undergo viscoelastic shear deformation. The secondary interactions 

weaken and eventually lead to fiber fracture as shear stress increases [22]. During tensile loading under 

HSR, molecular chains have insufficient time for rearrangement, leading to reduced intermolecular slip. 

As a result, fewer hydrogen bonds between adjacent PPTA chains break and more load transfers to 

primary covalent bonds, increasing the likelihood of covalent bond rupture and crystallite fracture [23], 

[24]. Scanning electron microscopy (SEM) observations by Tan et al. [24] support this, showing longer 

fibrils at low strain rates and shorter fibrils at about 1000 s⁻¹, consistent with a shift from secondary to 

primary bond failure. Since primary bond scission requires greater strain energy than secondary bond 

failure, this transition can also lead to higher failure strains at elevated loading rates [24]. The shift in 

load-bearing behavior results in a transition from viscoelastic to elastic behavior at HSR [8]. 

Prior studies have generally had limitations, including small sample sizes (typically between 10 and 16 

specimens at HSR), indirect strain measurement techniques, and a lack of direct comparison to fiber-

matched QS testing and diameter measurements [16], [18]. To overcome these limitations, in this work, 

extensive QS fiber testing was paired with testing on a specialized miniaturized Kolsky tension bar [25], 

known as the "Mini-Kolsky Bar," specifically designed for HSR tensile testing of single fibers. The main 

contribution of this work is a set of methodological advances that improve the accuracy and statistical 

robustness of single-fiber HSR characterization and comparison to lower rate testing. First, the NIST 

Mini-Kolsky Bar configuration was optimized, and a paper-frame templating technique was used to 

reduce grip-induced compliance, eliminate localized slipping, and minimize slack and gauge-length 

artifacts. Second, a rigid-body digital image correlation (DIC) method was implemented to measure grip 

displacement and failure strain directly, rather than deriving strain indirectly from bar signals as in most 

prior work. Third, failure stress was obtained using a paired-sampling approach with propagated 

measurement uncertainty, enabling for the first time a direct fiber-matched comparison between QS and 

HSR conditions. For high-strength single-fiber testing, at least 100 samples are preferable to ensure 

statistical robustness [26], and thus this study employed substantially larger sample sizes than prior work 

(n = 62 per fiber at HSR, n = 100 per QS condition) to provide a statistically robust characterization of 

rate-dependent mechanical behavior. Because these advances are not specific to PPTA, this approach is 

broadly applicable to HSR tensile characterization of other high-performance single fibers. By improving 

the accuracy and dataset size of single-fiber Kolsky bar testing methods for PPTA, the work aims to 

contribute to the development of lighter, more flexible, and more effective body armor systems. 

2. Materials and Methods 

The PPTA fibers, Aramid A and Aramid B, used in this study, were collected from Goodfellow Cambridge 

Limited (London, UK).  

 

Table 1 provides a summary of the scientific nomenclature, tex numbers, and filament characteristics. 

Filament diameter is reported in  
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Table 1 as both the nominal manufacturer value and the mean diameter measured by SEM in our previous 

study [27]. The SEM measurements agree with diameters independently derived from FAVIMAT+ linear 

density. The manufacturer value is included for reference only. All mechanical property calculations use 

the measured linear density rather than the nominal diameter. The “tex” unit refers to the linear density of 

fibers or yarns and is a derived unit defined as the mass in grams per 1000 meters of length (1 tex = 10⁻⁶ 

kg/m; 1 dtex = 10⁻⁷ kg/m). Throughout this manuscript, linear density values are reported in the base SI 

unit (kg/m). Figure 1 shows SEM micrographs of the fibers, offering visual insight into the fiber structure. 

The fibers were stored as bundles on spools under ambient lab conditions (typically about 21 °C, 40 % 

relative humidity). To prevent degradation from ultraviolet (UV) light, the fiber spools were stored away 

from any UV light source [28]. 

 

 

Table 1: Overview of examined fibers. 

Fiber Name 

(Commercial 

Name) 

Scientific 

Nomenclature 

Filament 

Diameter 

(nominal) 

Filament Diameter 

(measured, SEM) 

[27] 

No. of 

Filaments in 

Bundle 

Linear 

density 

(×10⁻6 

kg/m) 

Aramid A 

(Kevlar) 

Polyparaphenylene 

terephthalamide 
0.017 mm (11.7 ± 0.1) µm 130 22 (tex) 

Aramid B 

(Twaron) 

Polyparaphenylene 

terephthalamide 
0.009 mm (10.3 ± 0.3) µm 550 55 (tex) 

Figure 1: Optical images of the spools of Aramid A and 

Aramid B as received from the manufacturer (left 

column), with characteristic SEM micrographs of the 

filaments (right column).  
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2.1 Single-Fiber Tension Kolsky Bar 

The Mini-Kolsky Bar was specifically developed for HSR tensile testing of single fibers. The 

miniaturized system is inspired by foundational work conducted by various research groups, such as Chen 

et al. [25]. As shown in Figure 2, the system consists of the following key components: (1) a 75 cm long 

steel incident bar (6.35 mm diameter) with a flange at one end, which transmits the tensile stress wave to 

the fiber specimen; (2) a hollow brass striker tube driven by a compressed spring, which impacts the end 

flange (with pulse shaper attached) of the incident bar to generate a controlled tensile stress wave pulse; 

(3) a strain gauge mounted on the incident bar in conjunction with a Wheatstone bridge circuit, which 

records the incident strain signals as a function of time; (4) a quartz-piezoelectric load cell (Kistler 

9712B5; Kistler Group, Winterthur, Switzerland; capacity 22.24 N, uncertainty ±1.0 %), which replaces 

the conventional transmission bar used in standard Kolsky bar configurations; and (5) a direct fiber 

gripping system consisting of two poly(methyl methacrylate) (PMMA) clamping blocks that clamp the 

fiber at a gauge length of approximately 10 mm without the use of adhesives. To conduct HSR tensile 

testing of single fibers, the National Institute of Standards and Technology (NIST) Mini-Kolsky Bar was 

modified to shape the pulse wave and obtain sufficient and repeatable impact velocity from the striker to 

enable fiber failure during the first loading pulse. To measure failure strain and strain rate, a high-speed 

camera was used to track the displacement of the speckled grips. The schematic of the Mini-Kolsky Bar 

setup is shown in Figure 2. 

2.1.1 Constant Strain Rate 

Achieving a constant strain rate in Kolsky bar experiments is technically challenging due to the open-loop 

nature of the system, in which the loading pulse is determined by the striker impact and pulse shaper 

rather than actively controlled through real-time feedback during the test. Constant strain rate deformation 

Figure 2: Schematic of the Mini-Kolsky Bar setup used for HSR tensile testing of 

single fibers. 
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ensures reliable material characterization by maintaining a uniform deformation rate over time. A uniform 

deformation rate is critical, producing consistent and comparable stress-strain data for strain-rate-sensitive 

materials [14]. To achieve this, a number of copper disks with an inner diameter of (6.50 ± 0.05) mm and 

an outer diameter of (10.90 ± 0.05) mm, and thicknesses of (0.80 ± 0.05) mm and (1.30 ± 0.05) mm were 

employed as pulse shapers, as shown in Figure 3(b). Uncertainties here represent measurement tolerances. 

The primary objective of pulse shaping is to extend the rise time of the stress pulse, promoting early stress 

equilibrium. Pulse wave shaping also ensures that stress develops in a way that produces uniform strain 

rate over time in a sample.  

Figure 3(a) shows a representative force signal measured using a piezoelectric load cell (Kistler 9712B5) 

with a capacity of 22.24 N, installed in place of the transmission bar to directly measure the force. Since 

the transmitted tensile force in the single-fiber tests is less than 1 N at failure for the fibers tested, the 

22.24 N full-scale load cell provided a sufficient load range while maintaining good sensitivity. In 

addition, Figure 3(c) shows a strain gauge voltage recorded during testing, which demonstrates the 

generation of a trapezoidal-shaped stress pulse, confirming the effectiveness of the pulse shaper. Note that 

this signal is used only for triggering the system and qualitative assessment of the pulse dynamics. 

2.1.2 Pulse Duration Optimization 

To ensure the fiber breaks within the first pulse in the Kolsky bar setup, sufficient velocity and pulse 

duration from the striker bar were required. The striker bar length, 𝐿, directly influences the pulse duration 

𝑇 according to 

𝑇 =  
2𝐿

𝐶𝑠𝑡
 (1) 

where Cst is the elastic wave speed of the striker material [14]. A longer striker bar increases 𝑇, ensuring 

the pulse duration is adequate for fiber failure. Based on trials using different striker bar lengths and 

monitoring force-time responses, a striker bar length greater than 220 mm ensured breakage occurred 

within the first stress wave. This length was used for all subsequent tests. Additional details related to 

optimization of the striker bar length are provided in the Supplementary Material (Figure S1). 

Figure 3: (a) Representative force-time signal measured using a piezoelectric load cell during 

Kolsky bar testing of a single fiber. (b) Copper pulse shapers used to shape the incident pulse, with 

an inner diameter of (6.5 ± 0.05) mm and an outer diameter of (10.9 ± 0.05) mm. (c) Recorded strain 

gauge voltage signal showing a trapezoidal-shaped stress pulse. 
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2.2 Strain Measurement Using a Custom DIC Setup 

Accurate strain measurement is essential for characterizing the dynamic behavior of fibers under HSR 

conditions. In this study, a custom rigid body motion measurement of the grips using DIC was utilized for 

strain measurements. A Photron FASTCAM SA5 operated at 124 000 frames per second (fps) with a 

reduced field of view (576 pixels × 88 pixels) was used to keep the grips in view with sufficient spatial 

and temporal resolution for the rigid body DIC to capture the grip displacements. 

Strain at failure was calculated directly by measurement of the relative motion between the moving left 

grip and the stationary right grip obtained from high-speed images. Speckle patterns were painted onto 

both the left and right grips on both sides. Painted grips with DIC region of interest are shown in Figure 4. 

The rigid body motion of each grip was tracked using the q-factor-based digital image correlation (qDIC) 

algorithm in incremental mode, and the median horizontal displacement within each grip ROI was taken 

as the grip motion for that frame. This algorithm was adapted from Landauer et al. [29]. Key qDIC 

settings relevant to the rigid body motion tracking are provided in Table 2. The custom DIC procedure 

was calibrated by applying known displacements to the left grip using a manual positioning device. The 

qDIC-measured displacement was then compared against a nominal displacement. Speckle patterns were 

painted on both grip sides and evaluated independently. Additional calibration details and comparison 

plots are provided in Supplementary Figure S2 and Figure S3. 

The relative displacement, ΔL, was obtained as the cumulative difference between the displacements of 

the moving left grip and the stationary right grip. The approach avoids uncertainties associated with 

indirect strain measurements from bar signals or laser systems, providing more reliable data at the single-

fiber level. Because the analysis was performed incrementally from frame to frame, the total grip 

displacement was obtained by summing the successive displacement increments over the full image 

sequence. Engineering strain, ε, was then calculated as 

ε =
∆𝐿

𝐿0
 (2) 

where L₀ is the specimen-specific initial gauge length. The initial gauge length of each sample was 

measured from the distance between the inner edges of the left and right grips from the static image 

before displacement since the mounting of a fiber template might change the gauge length. The strain 

rate, 𝜀̇, for each test was obtained by numerical differentiation of the strain-time history, 𝜀̇ = 𝑑ɛ/𝑑𝑡, using 

the “gradient” function in MATLAB (Mathworks, Inc., Natick, MA). 

Figure 4: Speckle-patterned left and right grips used for rigid-body 

DIC tracking. The highlighted boxes indicate the DIC regions of 

interest (ROIs) used to measure the relative grip displacement. 
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To synchronize the optical and force measurements, the onset of deformation was identified as the first 

camera frame at which the calculated strain rate exceeded ten times the standard deviation of the initial 

baseline frames. This criterion was used to identify true fiber loading and to exclude baseline noise and 

initial slack. The 10× threshold was selected after testing several thresholding approaches and was found 

to provide a stable onset identification above the toe region and at the start of primary loading. While the 

selection was empirical, it was found to be robust across the dataset, producing consistent onset 

identification without introducing identifiable timing-related artifacts. The camera time base was then 

shifted to account for wave propagation time from the strain gauge location to the grips in the incident 

bar. The force history was interpolated onto the camera-frame time base, and the failure strain was 

defined as the engineering strain at the frame corresponding to the maximum tensile force. This assumes 

the fiber breakage occurred at the force peak during the first loading pulse. The method assumes that all 

grip motion contributes directly to fiber strain, disregarding grip slippage [30], [31]. A similar image-

based displacement-tracking approach has also been reported by Koumlis and Lamberson [32]. 

Table 2: Key qDIC settings relevant to this rigid body motion tracking. 

Parameters Value 

Region of interest (ROI) (approx.) 55 pixels × 175 pixels 

Type Local DIC 

Pixel-to-Millimeter conversion 0.0434 mm/px 

Camera noise 0.03 % full scale 

Displacement resolution (mean ± SD) (0.0086 ± 0.0004) mm 

2.3 Quasi-static and HSR Tensile Testing 

Systematic QS testing was conducted on single fibers using a FAVIMAT+ Automated Single Fiber Tester 

(Textechno, Germany). Testing conditions of 0.1 mm/min, 1 mm/min, 1.5 mm/min, and 6 mm/min were 

selected to capture a comprehensive overview of the influence of strain rate on single fibers failure force 

and strain (and the resulting failure stress) in the low-rate regime. Testing conditions of 1 mm/min and 1.5 

mm/min within the QS regime were included to assess whether small differences in strain rate produce 

measurable changes and to align with one condition (1.5 mm/min) in the ASTM C1557 standard. The 

equivalent strain rates are provided in Table 3. A gauge length of 15 mm was used for QS testing using the 

FAVIMAT+. HSR testing was conducted using the NIST Mini-Kolsky Bar. A gauge length of 10 mm was 

used for HSR testing. A 10 mm gauge length was chosen as the longest length that reliably produced fiber 

failure within the first strain pulse while maintaining a repeatable pulse for the current setup. Shorter 

gauge lengths helped ensure sufficient displacement to reach fiber failure and increased the effective 

strain rate, bringing it closer to ballistic rates. Since the utilized setup relied on a manual spring 

mechanism to strike the bar, the applied strain rate was not constant for each test. Therefore, the strain 

rate was calculated for each experiment from the measured strain-time history.  Across the HSR datasets 

(n = 62 per fiber), the mean measured strain rate was approximately 370 s⁻¹, with most tests falling 

between 350 s⁻¹ and 400 s⁻¹. These tests therefore represent a single high-rate condition rather than a 

continuous range of HSR. As this rate is orders of magnitude above the QS conditions it is sufficient to 

reveal differences between QS and HSR loading, but remains below the extreme rates of ballistic impact, 

where additional mechanisms such as adiabatic heating, shock effects, and altered macromolecular 

deformation may influence fiber response [33]. The rate-dependent trends reported here should therefore 
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be interpreted within this moderate high-rate regime and care should be taken with any extrapolation to 

extreme ballistic conditions. For HSR tests, specimens were mounted without slack. However, no 

controlled or measurable pretension was applied due to the open-loop configuration. A summary table of 

QS testing and HSR testing parameters is provided in Table 3. 

Table 3: Summary of QS and HSR tests for Aramid A and Aramid B, including the testing 

parameters and number of samples tested per material for each condition. 

2.4 Sample Preparation 

Single fibers were prepared slightly differently for tensile testing under QS and HSR strain rates. For QS 

testing using the Automated Single Fiber Tester (FAVIMAT+), fiber bundles approximately 25 mm in 

length (effective gauge length of 15 mm) were cut from continuous bundles as depicted in Figure 5. For 

Testing Device 

(Testing 

Condition) 

Gauge 

Length 

(nominal) 

(mm) 

Nominal Tensile Testing Parameters No. of 

samples 

tested 

(per material) 
Testing conditions/ 

Loading rate (mm/min) 

Equivalent 

strain rate (s-1) 

Pretension 

(cN/tex) 

FAVIMAT+ (QS) 

15 

0.1 1.11 × 10⁻⁴ 0.5 100 

FAVIMAT+ (QS) 1.0 1.11 × 10⁻³ 0.5 100 

FAVIMAT+ (QS) 1.5 1.67 × 10⁻³ 0.5 100 

FAVIMAT+ (QS) 6.0 6.67 × 10⁻³ 0.5 100 

Kolsky (HSR) 10 2.22 × 105  3.7 × 102 N/A 62 

Figure 5: Schematic of sample preparation for single-fiber tensile testing. (a) Sample 

for QS testing using the FAVIMAT +: fiber bundles (approximately 25 mm) were cut, 

and individual fibers were isolated to provide an effective gauge length of 15 mm. (b) 

Sample for HSR testing using the Kolsky bar: a paper template with a rectangular 

cutout was used to mount the fibers to provide an effective gauge length of 10 mm. 

The indicated gripping region is not drawn to scale. 
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HSR testing using the Kolsky bar setup, a different mounting approach was necessary based on the 

gripping system and setup. Paper templates of approximately 30 mm length were prepared, featuring a 

rectangular cutout design as seen in Figure 5. Single fibers of approximately 30 mm length were 

separated from bundles and then mounted onto the templates without stretching, to ensure as little slack or 

preload as possible. Cyanoacrylate glue was applied to securely fix the fiber onto the template. The 

templates were stored for about one hour to allow for full curing of the adhesive prior to testing. The 

detailed schematic of this preparation method is illustrated in Figure 5.  

For the calculation of failure stress under HSR conditions, linear density was measured using the 

FAVIMAT+ on an adjacent section of the same filament from which the HSR specimen was prepared. 

Specifically, single filaments were separated from the 30 mm bundle and mounted in the paper frame 

template for HSR testing, while a neighboring portion of the same filament was set aside for linear 

density measurement on the FAVIMAT+.  This approach was supported by findings from our earlier study 

[27], which showed that linear density varies less along an individual fiber than among randomly selected 

fibers within a bundle. The measured linear density was then used to calculate the fiber cross-sectional 

area for failure stress calculation according to 𝐴 = 𝑇𝑡/𝜌 where 𝑇𝑡 is the measured linear density and 𝜌 is 

the nominal volumetric density (1.44 g/cm3) of PPTA. This approach assumes a uniform material density 

along and across the fiber, while the paired-sampling approach assumes that the adjacent segment has a 

representative cross-sectional area of the tested gauge section. These assumptions were validated in our 

earlier study of this type of PPTA fibers [27], in which the fiber diameter derived from FAVIMAT+ linear 

density agreed with direct SEM measurements within experimental uncertainty. The method allows 

estimation of fiber stress under HSR loading without requiring direct diameter measurements for each 

Kolsky-tested sample. 

3. Results and Discussions 

3.1 Sample Uniformity 

To evaluate whether linear density influenced mechanical responses, its relationship with maximum force, 

failure strain, and failure stress was first examined at a testing condition of 1.5 mm/min (Supplementary 

Figure S5). For Aramid A, a strong positive correlation was observed between linear density and 

maximum force (R² = 0.65), while moderate to weak correlations were observed with failure strain 

(R² = 0.14) and failure stress (R² = 0.03). In contrast, Aramid B exhibited weaker correlations across all 

three metrics (R² = 0.13, 0.00, and 0.03, respectively). As expected, maximum force increased with linear 

density, whereas failure stress, calculated by normalizing force by the fiber cross-sectional area showed 

minimal dependence on linear density. The results indicated that linear density had little to no influence 

on strain and stress behavior.  

Although strain and stress were largely independent of linear density, as expected, it was still important to 

ensure that fiber selection was statistically consistent across groups to avoid any potential bias in rate-

dependent comparisons. Therefore, a one-way ANOVA was conducted for each fiber type on linear 

density values from the five different testing condition groups (0.1, 1, 1.5, and 6 mm/min, and HSR). The 

one-way ANOVA was chosen after confirming that linear density data were normally distributed and 

satisfied the homogeneity of variance assumption (Brown-Forsythe test: p = 0.95 for Aramid A and p = 

0.07 for Aramid B). The complete ANOVA results are summarized in Supplementary Table S1. For 

Aramid A, no significant differences are observed among the five groups (F = 1.27, p = 0.28). Similarly, 
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Aramid B shows no significant variation (F = 2.11, p = 0.08). These results confirm that linear density is 

statistically consistent across loading-rate groups, suggesting that selection bias is unlikely to influence 

any observed rate-dependent trends. 

To visualize the distribution of linear density across all five test conditions, including the HSR condition, 

violin plots are shown in Figure 6. For both Aramid A and Aramid B, the violin plots show similar median 

values and interquartile ranges (IQRs) across all groups. The linear density values for Aramid A span 

[1.2, 2.2] × 10⁻⁷ kg/m, with median values remaining close to 1.6 × 10⁻⁷ kg/m. The linear density values 

for Aramid B span [0.9, 1.3] × 10⁻⁷ kg/m, with much tighter distributions than are observed for Aramid A. 

To quantify these visual trends, summary statistics for each testing condition are reported in Table 4. For 

Aramid A, the mean linear density falls between 1.60 × 10⁻⁷ kg/m and 1.64 × 10⁻⁷ kg/m, and for Aramid 

B between 1.04 × 10⁻⁷ kg/m and 1.06 × 10⁻⁷ kg/m. In both cases, the variation between mean values 

across testing conditions is smaller than the within-group standard deviation, indicating that the means are 

statistically consistent across testing conditions for both fibers. The SDs for Aramid A groups range from 

0.18 × 10⁻⁷ kg/m to 0.19 × 10⁻⁷ kg/m, whereas for Aramid B they range from 0.05 × 10⁻⁷ kg/m to 0.07 × 

10⁻⁷ kg/m. The corresponding coefficients of variation (CV) values are about 11 % to 12 % for Aramid A 

and about 5 % to 7 % for Aramid B. These results show that while both fibers exhibit statistically 

consistent mean linear density across testing conditions, Aramid B has a tighter underlying distribution 

(lower SD and CV) than Aramid A. Overall, the violin plots and the consistent statistics indicate the fiber 

selection was uniform across different test conditions. 

Although Aramid A and Aramid B have the same chemical composition (PPTA), the narrower linear 

density distribution of Aramid B likely reflects differences in manufacturing and processing history. The 

fibers were produced by different manufacturers and had different spool formats, with Aramid B 

originating from a larger spool with a higher filament count. While the average filament diameters are 

similar, the broader variability of Aramid A may be associated with differences in filament uniformity, 

localized geometric variations, or defect populations arising from manufacturing and handling history. 

Figure 6: Linear density distributions for Aramid A and Aramid B across five test conditions: four 

QS extension rates ([0.1, 1, 1.5, 6] mm/min, and HSR (2.22 × 105 mm/min), corresponding to 

nominal strain rates of [1.1 × 10⁻⁴, 1.1 × 10⁻³, 1.7 × 10⁻³, 6.7 × 10⁻³] s⁻¹, respectively) and the HSR 

condition (370 s⁻¹). 
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This interpretation is consistent with the higher variability observed in the failure properties of Aramid A 

compared with Aramid B. 

Table 4: Summary statistics (n = 100 for QS; n = 62 for HSR) of linear density for Aramid A and 

Aramid B across testing conditions. Reported values are the mean and standard deviation (SD) in 

×10⁻⁷ kg/m, and CV for each group. 

Fiber Statistics 

Nominal Testing Conditions 

0.1 mm/min 1 mm/min 1.5 mm/min 6 mm/min 
HSR  

(2.22 × 105 mm/min) 

Aramid 

A 

Mean 

 (×10⁻⁷ kg/m) 
1.63 1.64 1.60 1.60 1.64 

SD  

(×10⁻⁷ kg/m) 
0.18 0.18 0.18 0.19 0.19 

CV (%) 11.11 11.16 11.55 11.67 11.82 

Aramid 

B 

Mean  

(×10⁻⁷ kg/m) 
1.04 1.06 1.05 1.04 1.06 

SD  

(×10⁻⁷ kg/m) 
0.07 0.05 0.07 0.07 0.07 

CV (%) 6.43 4.85 6.53 6.42 6.44 

3.2 Failure Strain 

3.2.1 Weibull Analysis 

The Weibull distribution is commonly used to characterize the failure distribution of fibers and fiber-

reinforced composites [34]. The rate-dependent maximum force results, analyzed using the same Weibull 

and statistical framework, are provided in Supplementary Section 2.2. In Figure 7(a-b), the rate-dependent 

distribution of strain at failure is illustrated using two-parameter Weibull probability plots for Aramid A 

and Aramid B. Weibull scale (η) and shape (β) parameters were estimated using maximum likelihood 

estimation (MLE) via the MATLAB fitdist function, with 95 % confidence intervals (CIs) obtained from 

the parameter covariance matrix. Figure 7(c-d) show the corresponding scale (η) and shape (β) parameters 

against different testing conditions. The scale parameter represents the characteristic scale of the Weibull 

distribution. In contrast, the shape parameter determines the shape of the distribution and indicates the 

degree of variability relative to the scale parameter. Higher values of the shape parameter indicate a 

narrower failure distribution [35].  
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The failure strain distributions for Aramid A and B show a clear rightward shift when comparing HSR to 

the QS testing conditions, as seen in Figure 7(a-b) indicating an increase in failure strain with strain rate. 

Within the QS regime, the distributions largely overlap, suggesting minimal strain rate sensitivity among 

the QS testing conditions. The trends observed in the Weibull parameter plots provide further insight into 

rate-dependent effects on fiber failure strain. Figure 7(c) shows that for Aramid A, the scale parameter (η) 

increases from 3.77 % [95 % CI: 3.71 % to 3.82 %] at 0.1 mm/min to 5.10 % [4.97 % to 5.23 %] under 

HSR, corresponding to a relative increase of 28.5 % to 35.3 % from the QS testing. Similarly, for Aramid 

B, the scale parameter increases from 3.82 % [3.77 % to 3.87 %] at 0.1 mm/min to 5.18 % [5.05 % to 

5.32 %] under the HSR testing condition (a 35.6 % increase). Reported intervals represent the 95 % CIs 

of the MLE fit (see Supplementary Table S4). The increase in characteristic failure strain with strain rate 

is consistent with the trends observed in the probability plots. 

Figure 7: (a-b) Two-parameter Weibull probability plots of failure strain for Aramid A and 

Aramid B fibers tested under five different testing conditions ([0.1, 1, 1.5, 6] mm/min, and HSR), 

corresponding to nominal strain rates of 1.1 × 10⁻⁴ s-1, 1.1 × 10⁻³ s-1, 1.7 × 10⁻³ s-1, and 6.7 × 10⁻³ 

s⁻¹, respectively) and the HSR condition (370 s⁻¹). Dashed lines represent Weibull fits to the data. 

(c-d) Weibull scale (η) and shape (β) parameters with 95 % CI for both fibers as a function of 

testing condition.  
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In Figure 7(a-b), the overall fit for all groups is consistent with the two-parameter model. The visual 

linearity of the points on the Weibull probability plots was used as a qualitative diagnostic for two-

parameter fit adequacy. Quantitative goodness-of-fit tests were not applied, and the reported parameters 

and uncertainties are derived from MLE. However, the failure strain distribution for Aramid B at 1.5 

mm/min appears slightly less linear below the median value. The minor deviation is likely due to sample 

variability or a weaker fit with the two-parameter model. For all testing conditions, including HSR, the 

lower-tail behavior is generally comparable. However, Aramid A shows a slightly more extended lower 

tail at 0.1 mm/min and 1 mm/min. This suggests that the slowest QS conditions for Aramid A include a 

slightly weaker subset of specimens contributing to the extended lower-tail behavior. The central portion 

of the distributions, however, remains similar across the QS testing conditions. 

The lower-tail behaviors and overall fits are reflected in the Weibull shape parameter (β) trends shown in 

Figure 7(d). For Aramid A, β is slightly lower at 0.1 mm/min and 1 mm/min versus the other QS testing 

conditions, likely due to the extended lower-tail behavior. Under HSR loading, β decreases for both 

fibers. For Aramid A, β remains between 12.3 [10.6 to 14.2] and 14.0 [12.0 to 16.3] across the QS testing 

conditions but decreases to 10.1 [8.3 to 12.4] under HSR. Aramid B exhibits higher β values (ranging 

from 13.4 [11.6 to 15.6] to 18.6 [16.1 to 21.5]) in the QS regime and shows a similar decrease to 9.9 [8.1 

to 12.1] under HSR loading. The narrower failure strain distribution compared with Aramid A is 

consistent with the lower linear density variability observed for Aramid B. Notably, Aramid B exhibits a 

distinct spike in β at the 1 mm/min condition (β = 18.6), which is also reflected in its low SD (0.2) and 

CV (6.0 %) in Table 5. Because this localized reduction in variability does not follow a systematic trend 

across the broader QS testing conditions, and the scale parameter shows no corresponding shift (Figure 

7c), it is unlikely to represent a strain-rate effect. Instead, it most likely reflects sampling variability, with 

the tested fiber subset exhibiting fewer severe structural defects or localized geometric variations than the 

groups tested at the adjacent loading rates. The trends are also evident in Table 5, where the SD and CV 

increase slightly under HSR conditions. For instance, the SD for all QS conditions is 0.3 to 0.4 and rises 

to 0.6 under HSR loading for Aramid A, while for Aramid B it increases from 0.2 to 0.4 to 0.6. Similarly, 

the CV increases from ≈6 % to ≈10 % to ≈12 % for both fiber types. The broader failure strain 

distribution at HSR may be partly attributed to the inherent test-to-test variability in strain rate produced 

by the spring-driven striker mechanism of the Kolsky bar. Unlike the FAVIMAT+, which precisely 

controls crosshead speed, the Kolsky bar produces strain rates that vary across tests (approximately 350 

s⁻¹ to 400 s⁻¹ in the present study).  Since failure strain is rate-dependent [23], even modest strain rate 

variation across HSR tests introduces additional variability in the measured failure strain. This could 

contribute to the observed decrease in β and increase in CV at HSR. 

Results from the Weibull plots are consistent with the summary statistics in Table 5. For both Aramid A 

and B, the mean failure strain under QS conditions ranges from 3.6 % to 3.8 %, increasing to 4.9 % under 

HSR loading. Overall, the Weibull analysis and summary statistics demonstrate a clear rate-dependent 

effect in failure strain, with higher failure strains observed under HSR conditions, while the QS testing 

conditions produce comparable results. The complete Weibull scale and shape parameters, with 95 % 

confidence intervals (CI) for both fibers, are provided in Supplementary Table S4. 
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Table 5: Summary of mechanical properties for Aramid A and Aramid B fibers tested at five 

different testing conditions. Mean, SD, and CV are reported for failure strain (%), and calculated 

failure stress (GPa).  

3.2.2 Statistical Analysis 

To assess statistical differences in failure strain among the different testing condition groups, a non-

parametric Kruskal-Wallis test was performed, followed by Dunn's post hoc comparisons. The non-

parametric approach was selected because the failure strain and failure stress data did not follow a normal 

distribution. The approach serves as a rank-based alternative to one-way ANOVA for comparing multiple 

groups [36]. A color-coded summary of statistically significant (p < 0.01) pairwise differences across all 

properties is provided in Table 6, and the full pairwise p-value matrix is provided in Supplementary Table 

S5. 

Figure 8 shows failure strain as a function of testing conditions for Aramid A and Aramid B across the 

five testing conditions. Within the QS regime (0.1 mm/min to 6 mm/min), the median failure strain and 

IQR show no clear trend with testing conditions for either fiber type. The only exception is at the testing 

condition of 1.5 mm/min for Aramid A, which shows a slight upward shift in median failure strain relative 

to the other QS conditions. Kruskal-Wallis and post hoc analysis results, summarized in Table 6 and, 

Table S5 are consistent with the observed trends in Figure 8. For Aramid B, no statistically significant 

differences in failure strain are detected between any of the four QS testing conditions. For Aramid A, 

only one significant difference is observed between the testing conditions of 0.1 mm/min and 

1.5 mm/min. Notably, the 0.1 mm/min vs 6 mm/min pair is not significant. This inconsistency and the 

lack of a clear monotonic trend across QS testing conditions suggest that the one significance observed is 

more likely due to normal scatter rather than a strain rate effect within the QS regime. 

Higher median failure strains are observed under the HSR loading condition for both fiber types in 

comparison to all QS loading conditions. The higher observed failure strains are consistent with the 

distributions observed in the Weibull analysis. Table 6 also confirms that the failure strain at the HSR is 

statistically different (higher) than all four QS testing groups.  

 Properties Statistics 0.1 mm/min 1 mm/min 1.5 mm/min 6 mm/min HSR 

A
ra

m
id

 A
 

Failure 

Strain 

(%) 

Mean 3.62 3.70 3.82 3.74 4.85 

SD 0.38 0.36 0.34 0.34 0.59 

CV 10.45 9.76 8.93 9.19 12.16 

Failure 

Stress 

(GPa) 

Mean 3.49 3.64 3.83 3.81 4.57 

SD 0.39 0.37 0.36 0.36 0.71 

CV 11.26 10.29 9.45 9.35 15.50 

A
ra

m
id

 B
 

Failure 

Strain 

(%) 

Mean 3.71 3.76 3.71 3.77 4.93 

SD 0.23 0.23 0.37 0.33 0.59 

CV 6.28 6.01 10.08 8.67 11.91 

Failure 

Stress 

(GPa) 

Mean 3.63 3.74 3.68 3.86 4.81 

SD 0.27 0.23 0.39 0.34 0.52 

CV 7.47 6.09 10.48 8.75 10.87 
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Before attributing the observed increase in failure strain to a strain-rate effect, it is important to consider 

potential differences between the QS and HSR testing setups, including gauge length, gripping, 

pretension, and displacement measurement. The QS and HSR tests used gauge lengths of 15 mm and 10 

mm, respectively. Supplementary QS tests on 50 fibers of each type showed no significant difference in 

failure stress between the two gauge lengths (Figure S8, Table S6). The mean failure strain differed by 

only ~3 %, an order of magnitude smaller than the observed strain-rate effect. Both setups use direct 

mechanical clamping without adhesive, and prior work on the same Kolsky bar demonstrated linear 

stress-strain behavior to failure with negligible system compliance under HSR loading [22]. Although 

controlled pretension was not possible in the open-loop HSR configuration, specimens were mounted 

without slack, and the strain-onset criterion (Section 2.2) excludes any residual slack or toe region. 

Finally, engineering strain was determined in both systems from the relative grip displacement over the 

gauge length, differing only in the displacement measurement method. Collectively, these differences are 

unlikely to account for the observed increase in failure strain. 

With these setup-related factors ruled out, the observed increase is attributed to a genuine strain-rate 

effect. The present study characterizes the rate-dependent changes in failure strain and stress statistically 

and does not include direct fractographic or microstructural observation of the failure process. The 

mechanistic interpretation below is therefore drawn from the established literature and is offered to 

contextualize the measured trends rather than as direct empirical evidence from this work. Nevertheless, 

the observation is consistent with the rigid-rod microstructure of PPTA and supported by both 

computational and experimental studies. For example, Mercer et al. [23] used molecular dynamics 

simulations to show that the failure strain of PPTA crystallites increases with strain rate. They attributed 

this to stress-assisted thermal fluctuations, where at lower strain rates, thermal energy has more time to 

promote bond rupture at lower strain levels. Additionally, Tan et al. [24] observed using SEM imaging 

that fractured aramid specimens show long axial fibrils at low strain rates, which indicates inter-chain 

slippage and secondary bond failure. At HSR, the fibrils become shorter, suggesting a shift toward 

Figure 8: Box plots of failure strain for Aramid A and Aramid B across five different testing 

conditions ([0.1, 1, 1.5, 6] mm/min, and HSR), corresponding to nominal strain rates of 1.1 × 

10⁻⁴ s⁻¹, 1.1 × 10⁻³ s⁻¹, 1.7 × 10⁻³ s⁻¹, and 6.7 × 10⁻³ s⁻¹, respectively) and the HSR condition (370 

s⁻¹). The central line represents the median, the lower and upper box edges represent the 25th 

and 75th percentiles (IQR). The whiskers extend to the most extreme data points within 1.5 × 

IQR from the box edges. Outliers beyond the whiskers are not displayed. 
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primary covalent bond scission. The experimental results confirmed this, reporting a 26 % increase in 

failure strain at 480 s⁻¹ relative to QS conditions for Twaron yarns (aramid), consistent with the present 

findings. It is noteworthy that these rate-dependent mechanisms may not be evident from fracture-surface 

morphology, as Kim et al. [18] reported largely indistinguishable fracture surfaces for PPTA fibers tested 

under QS and HSR loading. Rate-dependent differences become apparent only at the fibril scale [24]. 

Direct microstructural characterization across strain rates would therefore provide valuable 

complementary evidence and is left for future work. Notably, most prior single-fiber Kolsky bar studies 

on aramid fibers did not directly measure failure strain at HSR, instead deriving strain indirectly from bar 

signals or did not report it [16],[18], [19], [20].  

Table 6: Color-coded summary of statistically significant (p < 0.01) pairwise differences from 

Kruskal-Wallis tests with Dunn’s post hoc comparisons for the mechanical properties of Aramid A 

and Aramid B across testing conditions. Green cells with tick marks indicate statistically significant 

differences; blank cells indicate no significant difference. 

Property Fiber 
HSR vs 

all QS 

(0.1 vs. 1) 

mm/min 

(0.1 vs. 1.5) 

mm/min 

(0.1 vs. 6) 

mm/min 

(1 vs 1.5) 

mm/min 

(1 vs 6) 

mm/min 

(1.5 vs 6) 

mm/min 

Failure 

Strain 

Aramid A ✓  ✓     

Aramid B ✓       

Failure 

Stress 

Aramid A ✓  ✓ ✓ ✓   

Aramid B ✓   ✓    

 

3.3 Failure Stress 

3.3.1 Weibull Analysis 

The Weibull probability plots depicting failure stress in Figure 9(a-b) show that both Aramid A and B 

fibers exhibit rate-dependent failure stress, which aligns with the earlier observations for failure strain and 

the maximum force results reported in Supplementary Section 2.2. For both fiber types, the HSR testing 

condition shows a distinct rightward shift, while the QS testing conditions display a smaller but consistent 

shift as the strain rate increases from 0.1 mm/min to 6 mm/min. The trend is consistent with the scale 

parameters (η) in Figure 9(c) and supplementary Table S4. For Aramid A, η increases from 3.65 GPa 

[3.59 GPa to 3.71 GPa] at 0.1 mm/min to 3.96 GPa [3.90 GPa to 4.02 GPa] at 6 mm/min, then increases 

sharply to 4.86 GPa [4.70 GPa to 5.03 GPa] under HSR testing conditions. Aramid B follows a similar 

trend, rising from 3.76 GPa [3.70 GPa to 3.81 GPa] to 4.01 GPa [3.94 GPa to 4.08 GPa], and reaching 

5.03 GPa [4.91 GPa to 5.16 GPa] at the HSR testing condition. Reported intervals represent the 95 % CIs 

of the MLE fit (see Supplementary Table S4). The summary statistics in Table 5 are also consistent with 

the trends shown in scale parameter values. For Aramid A, the mean failure stress increases by 9.1 % 

across the QS range.  A 30.8 % increase is observed between the failure stress obtained at the HSR testing 

condition vs. the rate of 0.1 mm/min. Aramid B shows a 6.3 % QS increase and a 32.4 % increase under 

the HSR testing condition. Together, the increases in failure stress with strain rates and the monotonic rise 

in η confirm that failure stress is strain-rate sensitive for both fiber types and is most pronounced under 

HSR.  
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Because HSR failure stress was calculated using diameter (derived from linear density) measured on an 

adjacent segment of the same filament rather than the tested segment itself, the associated measurement 

uncertainty was estimated using standard error propagation. The combined relative uncertainty accounts 

for both the load cell uncertainty (±1.0 %) and the intra-filament linear density variability. The linear 

density variability was estimated by averaging multiple measurements along individual filaments across a 

set of filaments. The CVs were approximately 6 % and 4 % for Aramid A and Aramid B, respectively.  

The detailed measurement methodology is described in [27]. The resulting propagated uncertainties are 

approximately 6.1 % and 4.2 % for Aramid A and Aramid B, respectively, which are substantially smaller 

than the observed 31 % to 32 % increase in failure stress from QS to HSR conditions. These relatively 

low uncertainties confirm that the rate-dependent differences are well outside the measurement 

uncertainty. Additionally, the lack of a controlled pretension under HSR conditions does not affect the 

reported failure stress, which is calculated from the peak force and pair-fiber measured cross-sectional 

area and is therefore independent of initial preload. 

Figure 9: (a-b) Two-parameter Weibull probability plots of failure stress for Aramid A and 

Aramid B fibers tested under five different testing conditions (0.1, 1, 1.5, 6 mm/min, and HSR), 

corresponding to nominal strain rates of [1.1 × 10⁻⁴, 1.1 × 10⁻³, 1.7 × 10⁻³, 6.7 × 10⁻³] s⁻¹, 

respectively) and the HSR condition (370 s⁻¹). Dashed lines represent Weibull fits to the data. (c-

d) Weibull scale (η) and shape (β) parameters with 95 % CI for both fibers as a function of 

testing condition.  
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Results obtained at all QS testing conditions for both fiber types demonstrate a good fit to the two-

parameter Weibull model. For Aramid B at a rate of 1 mm/min, β is comparatively higher, which 

corresponds to the strong fit and shorter lower-tail behavior. The same elevation appears in the failure 

strain distribution, which is expected since both properties were measured on the same specimens. As 

discussed in Section 3.2.1, it is attributed to sampling variability rather than a rate-dependent effect. 

Under HSR loading, Aramid A continues to show an approximately linear fit to the model. In contrast, at 

HSR loading, Aramid B shows a slight deviation from the fitted line in the lower‑tail region, meaning a 

few low-stress points deviate from the ideal two-parameter linear trend. Additionally, the HSR results for 

Aramid A exhibit a more gradual slope compared to the steeper slopes seen in the QS curves, indicating a 

greater spread in failure stress at HSR loading (i.e., lower β and higher dispersion). This may be partially 

attributable to the increased scatter in strain rates for the Kolsky bar compared to the FAVIMAT+. 

Additionally, because failure stress is a derived quantity calculated from both the measured force and the 

estimated cross-sectional area, variability from both sources adds to the stress calculation, which may 

further broaden the failure stress distribution relative to directly measured properties. 

Table 5 includes the distributional trends and the strain-rate effect reflected by the scale parameter η in 

Figure 9(c). The mean failure stress under HSR loading increases relative to QS testing conditions, and 

the scatter increases at HSR. For example, the SD for Aramid A increases from approximately 0.36 GPa 

to 0.39 GPa in the QS groups to 0.71 GPa under HSR (CV rising from 9 % to 11 % to 16 %). For Aramid 

B, SD ranges from approximately 0.23 GPa to 0.39 GPa across the QS groups, increasing to 0.52 GPa 

under HSR. Overall, these results indicate that failure stress increases with strain rates, confirming the 

strain rate effect similarly to failure strain, while the distribution of failure stress becomes moderately 

broader at the HSR testing condition, especially for Aramid A.  

3.3.2 Statistical Analysis 

Figure 10 displays failure stress as a function of testing conditions for Aramid A and B fibers across QS 

and HSR testing conditions. Similar to failure strain, the results obtained under HSR loading in both 

fibers show higher medians and wider IQRs, indicating higher average failure stress and greater 

variability at HSR. The spread is more pronounced for Aramid A as seen from the whiskers and IQR, 

which are consistent with the broader Weibull slope and lower shape parameter (β) under HSR loading 

seen in Figure 9(c-d). In contrast, the Aramid B HSR distribution is tighter than Aramid A, indicating a 

more uniform stress response across strain rates. This behavior is consistent with the lower baseline 

variability observed in Aramid B linear density and suggests fewer variations in filament-level geometry 

or defect population. 
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Within the QS testing conditions, a slight upward shift in the median failure stress relative to the 0.1 

mm/min condition is observed. However, the box plots for the closely spaced QS testing conditions 

largely overlap. Therefore, the strain rate effect within the QS range is visually subtle. The post hoc 

analysis in Table 6 highlights a key distinction from failure strain. Failure stress shows additional 

statistically significant differences within the QS regime, even within relatively close rates. The relatively 

large sample size provides statistical power to observe such differences. For example, significant 

differences were identified between 0.1 vs. 1.5 mm/min, 0.1 vs. 6 mm/min and 1 vs. 1.5 mm/min for 

Aramid A. For Aramid B, significant differences were observed between 0.1 vs. 6 mm/min only. Failure 

stress appears to be more sensitive to subtle QS testing conditions differences than failure strain. 

The FAVIMAT+ system provides highly precise measurements of force and precisely controls the gauge 

length and gripping.  In addition, results from Figure 6 show that linear density was consistent across all 

testing condition groups.  Therefore, it is unlikely that the additional differences observed between some 

QS groups arise from instrumental error or sample selection bias. Instead, the differences may reflect the 

intrinsic material variability and inherent sensitivity of failure stress as a derived metric. Because failure 

stress is calculated by normalizing force with linear density, the computation can amplify the effects of 

small fiber-level variations, such as defects, fibril misalignment, or local stress concentrations. The 

influences may not be as visible when looking only at failure strain. However, under the more 

conservative significance threshold (p = 0.01), these within-QS differences are limited to only a few 

pairwise comparisons, indicating that any rate-dependent effect within the QS regime is subtle rather than 

systematic across all testing conditions. Thus, the results suggest some sensitivity of failure stress to QS 

testing conditions, but the effect appears modest. 

The 31 % to 32 % increase in failure stress at HSR observed in the present study is notably larger than 

most previously reported values for single aramid fibers tested using Kolsky-type setups. For example, 

Figure 10: Box plots of failure stress for Aramid A and Aramid B across five different testing 

conditions ([0.1, 1, 1.5, 6] mm/min, and HSR), corresponding to nominal strain rates of [1.1 × 

10⁻⁴, 1.1 × 10⁻³, 1.7 × 10⁻³, 6.7 × 10⁻³] s⁻¹, respectively) and the HSR condition (370 s⁻¹). The central 

line represents the median, the lower and upper box edges represent the 25th and 75th percentiles 

(IQR). The whiskers extend to the most extreme data points within 1.5 × IQR from the box edges. 

Outliers beyond the whiskers are not displayed. 
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Cheng et al. [19] reported only an approximately 4 % increase for Kevlar KM2 fiber. Kim et al. [18] 

observed approximately 14 % for Kevlar 29, and Lim et al. [16] found between 6 % to 12 % across three 

aramid fiber types. Sanborn and Weerasooriya [20] reported an 18.6 % increase for unwoven Kevlar KM2 

fibers. Several methodological factors may contribute to the larger effect observed in this study. The 

present study used substantially larger sample sizes (n = 62 per fiber under HSR, n = 100 per QS 

condition), PMMA mechanical clamp grips that reduce grip-induced compliance [31] compared to 

adhesive glue-tab methods used in prior studies, and a paper frame templating technique to minimize 

slack and gauge-length artifacts. Additionally, failure strain was measured directly via DIC rather than 

estimated from bar signals, and failure stress was derived using a paired-sampling approach with 

propagated uncertainty. Direct comparisons across studies are limited by differences in exact fiber type, 

gauge length, strain rate, and instrument configurations. Nevertheless, the consistency of the rate-

dependent response across all three measured properties supports that the observed strain rate effects 

reflect intrinsic material behavior. 

Beyond the failure stress and failure strain that are the focus of this study, the initial modulus was also 

calculated for the QS conditions from the linear region of the stress-strain response. For both fibers, the 

modulus ranged from approximately 104 GPa to 111 GPa (Table S7), with low scatter (CV ≈ 4 % to 7 %) 

and only slightly increased with strain rate. The initial modulus could not be reliably determined under 

HSR conditions, as discussed in Supplementary Section S2.4. 

4. Conclusion 

The study presents a comprehensive investigation into the strain-rate-dependent mechanical behavior of 

two aramid fibers, Aramid A (Kevlar) and Aramid B (Twaron), under both QS and HSR loading. Using a 

modified Mini-Kolsky tension bar with rigid-body DIC grip tracking, relative grip displacement was 

directly tracked to calculate strain at failure. Across both fiber types, significant strain rate effects were 

observed.  Specifically, 28.5 % to 35.6 % increases in maximum force, failure strain, and failure stress at 

HSR were observed in comparison to the results obtained at the slowest QS testing condition (0.1 

mm/min). Even within the nominally QS range (0.1 mm/min to 6 mm/min), modest increases of 6 % to 

10 % in failure stress were observed between the lowest and highest rates, while failure strain showed no 

systematic trend within the QS regime. The observed increases in both failure stress and failure strain at 

HSR are consistent with the rigid-rod microstructure of PPTA, where the dominant failure mechanism 

transitions from inter-chain slippage at low rates to primary covalent bond scission at high rates. This 

transition requires greater strain energy before failure, resulting in higher failure strains and stresses under 

HSR loading. The findings are larger in magnitude than the 4 % to 19 % increases reported in prior 

single-fiber aramid studies, which may be attributed in part to the larger sample sizes, direct strain 

measurement, and improved gripping methodology employed in the present work. Since ballistic impacts 

on body armor can impose strain rates comparable to, or higher than, those achieved here, HSR 

characterization at this range and above is essential for accurately predicting ballistic performance of 

aramid fibers. Relying solely on QS single-fiber properties may not adequately capture the rate-dependent 

response that governs fiber behavior during ballistic events. Future work should focus on refining single-

fiber HSR testing capabilities, including improvements to the striker mechanism and pulse-shaping 

strategies for more uniform strain-rate control, and increasing strain rates toward the higher rates 

encountered in ballistic events. Another avenue is to explore direct strain measurement on the fiber itself 

to complement the rigid-body grip tracking approach used here. 
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