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ABSTRACT 

Piecing together carbon nanotubes (CNTs) into assemblies has so far failed to achieve the same 

elite strength performance metrics as individual CNTs, highlighting a critical deficiency in 

understanding of the effects that the processing of individual nanostructures has on the 

performance of their derived macroscale assemblies, thereby hindering the development of a 

process-structure-performance map for these materials. In this work, we propose a method to 

decouple the distribution orientation of nanoscale tortuosity and the microscale twist of CNT dry-

spun yarns under applied loads via in-situ soft X-ray probing at high energy (1200 eV) and low 

energy (280 eV), respectively. With this decoupling enabled by in-situ soft X-ray scattering, we 

acquired a deeper understanding of the deformation mechanisms of these yarns. We found that for 

untreated yarns, the twist angle of collective CNT bundles at the macroscale is more sensitive to 

applied stress than the nanoscale alignment distribution. We also found that increasing nominal 

twist densities of yarns as well as increased strengthening via plasma treatments and polymer 

infiltration act to decrease the yarns’ sensitivity to realignment at the nanoscale and prevent failure 

by the slip mechanism. 
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Carbon nanotubes (CNTs) are known as the strongest 1D material due to their covalent sp2 carbon 

bonds and hexagonal lattice; an individual CNT at the nanoscale can have a Young’s modulus and 

tensile strength up to ∼ 1 TPa and 100 GPa, respectively. 1, 2 To realize the potential of CNTs in 

ultrastrong, flexible, conductive structures in a variety of applications such as low-Earth orbit 

conductive cables, 3 nano-mechanical energy harvesting, 4, 5 wearable elastic strain sensors, 6, 7 and 

artificial torsional muscles, 8, 9 they need to be assembled continuously at the macroscale level. For 

example, mass-produced arrays, or vertically aligned forests, of μm-to-mm long CNTs can be first 

grown via chemical vapor deposition (CVD) on catalyst-activated substrates, and then these forests 

can be mechanically drawn out into webs to form cm-scale sheets and twisted yarns or fibers. 10, 11 

However, the mechanical strength of such CNT assemblies do not meet the same elite performance 

metrics as the individual, nanoscale constituents due to weak van der Waals bonding in between 

tubes and insufficient physical interconnection. 12, 13 Depending on exact processing conditions, 

as-fabricated yarns exhibit tensile strength in the ranges of ∼ 0.1 – 2 GPa, 14, 15 which is three 

orders of magnitude less than the strength of individual nanoscale performance. Under a tensile 

load, the weak bonds and interconnectivity in between tubes in twisted CNT yarns results in failure 

by slippage, where CNT bundles slide past each other as the yarn unravels and loosens. The 

slippage mechanism occurs when the shear stress between CNT bundles overcomes the static 

frictional force between them. 13, 16, 17  

 

Recently, our group showed that the vapor phase polymerization of crosslinkable poly-glycidyl 

methacrylate (PGMA) was a viable strategy for reinforcing the weak bonds between individual 

CNTs and enabling a better distribution of tensile load throughout the larger assembly; the 

treatment allowed for a 300% increase of elastic moduli of 2.3 μm diameter yarns, and a 1000% 
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increase for cross-hatched sheets. 2 Compared to pristine yarns, small angle X-ray scattering 

(SAXS) revealed that the CNT bundles within polymer-treated yarns underwent limited 

rearrangement and alignment at the nanoscale when subjected to tensile stress. We later showed 

with scanning transmission X-ray microscopy that the vapor phase polymer coating and 

subsequent crosslinking process results in near perfect filling of the void space between CNTs 

within spun yarns. 18 

 

In addition to realizing scalable and cost-effective methods of strengthening CNT assemblies for 

commercial use, a fundamental understanding of the multiple length-scale mechanisms during 

mechanical testing is also critical. SAXS is a popular, non-destructive technique to elucidate the 

nanoscale morphology of CNT arrays and assemblies, both statically19-22 and in situ during tensile 

loading. 2, 16, 23 Obtained as a function of the scattering vector q, scattering data contains 

quantitative structural information of a greater number and larger volume of CNTs than imaging 

techniques such as scanning or transmission electron microscopy. 24, 25 Typical SAXS 

configurations with sample-to-detector distances (SDD) and beam energies around ∼ 2 m and 

greater than 10 keV, respectively, allow scattering related to the inner and outer diameter 

distribution of a CNT population as well as tube alignment to be observed. The alignment, or 

orientation of the CNTs describes their tortuosity at the nanoscale, and in twisted CNT yarns, the 

orientation distribution has been observed using SAXS to narrow as the yarns experience increased 

tension. 16 I.e., it is understood that individual CNTs, which typically are less than 10 nm in outer 

diameter, within a larger twisted yarn or fiber structure will straighten in response to an applied 

tensile stress. However, to achieve a more complete comprehension of the multiscale, 

morphological changes experienced by CNT yarns under tensile stress, it is imperative to 
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understand the structural response of larger, microscale agglomerate features such as the collective 

twisted CNT bundles which are on the order of a few tens of nanometers to sub-micron in size. 

Typically, the microscale twist angle and response are not decoupled from the nanotube alignment 

orientation distribution when only the high beam energies for probing nanoscale features are used.   

 

In this work, we utilized soft X-ray scattering at 280 eV and 1200 eV instead of typical SAXS 

beam energies to probe the microscale twist structure and the nanoscale alignment distribution, 

respectively, of CNT yarns during in situ tensile testing. The soft X-ray energies enabled access to 

a wide range in reciprocal q space and larger scattering angles compared to conventional SAXS. 

We note that the 280 eV beam energy used in this work is close to the X-ray absorption edge for 

carbon as is important in the chemically sensitive technique of resonant soft X-ray scattering 

(RSoXS), 26, 27, 28 but this feature was not used. Instead, the choice of 280 eV and 1200 eV X-ray 

energies in this work were selected primarily to achieve differences in scattering length scale and 

spatial distribution during in situ tensile testing. By decoupling the nanotube alignment distribution 

from that of the microscale twist angles within the yarns, we sought to develop a full picture of the 

multiscale morphological responses of such twisted assemblies to applied stress. We found that the 

twist angle of collective CNT bundles at the microscale is more sensitive to applied stress than the 

alignment distribution; i.e., the collective bundles untwist to a greater degree than the nanotubes 

realign themselves at the nanoscale. We also found that increasing nominal twist densities of yarns 

as well as increased strengthening via plasma treatments and polymer infiltration work to decrease 

the yarns’ sensitivity to realignment at the nanoscale and prevent failure by the slip mechanism. 
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Results and discussion 

 

Figure 1 outlines our typical experimental setup (discussed in further detail in the Methods 

section), where within the ALS 11.0.1.2 vacuum chamber, a twisted CNT yarn was affixed on both 

ends via UV curable epoxy resin to a paper frame and mounted onto a tensile stage. Tension was 

applied to the yarns by elongating them in 20 m increments, up until yarn failure. At each 

elongation step, specific X-ray beam energy (E) and sample-to-detector-distance (SDD) settings 

were applied to access various length scales of the CNT yarns via X-ray probing. In particular, the 

[E, SDD] condition parings of [280 eV, 150 mm] and [1200 eV, 70 mm] were utilized at each 

elongation step in order to probe the microscale twist structure of the yarns and nanoscale 

orientation distribution of the CNT bundles within the yarns, respectively, as a function of stress. 
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Figure 1: Experimental set-up for soft X-ray probing of CNT yarns during in-situ tensile loading. 

(a) Photograph of vacuum chamber of the ALS 11.0.1.2 beamline, showing the in vacuo tensile 

stage and detector; (b) schematic illustration of a CNT yarn mounted on a paper frame for tensile 

testing; representative scanning electron microscopy (SEM) images of (c) an untreated yarn 

showing its microscale twist, and (d) nanoscale tortuosity; (e) schematic depiction of incident X-

ray beams probing the twisted CNT yarn and (f) the resulting characteristic X-ray scattering 

pattern. 
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We assume for this work that a twisted CNT yarn can be modeled as a succession of coaxial 

cylinders wherein an individual CNT bundle or assortment of tangled bundles follows a spiraling 

path along the circumference of each cylinder, as depicted in the schematic shown in Figure 2(a). 

At the microscale, the CNT bundles lie at some twisted bias angle α relative to the yarn axis. The 

value of α is at a minimum at the center of the yarn where the yarn radius r is small, and increases 

with each succession of coaxial cylinder of increasing r. Thus, the maximum α of a twisted yarn 

is observed at its surface since that is where r is at a maximum. The value of α also depends on the 

nominal twist density (T) of the fabricated yarn;  is related to r and T through the equation tan() 

= 2rT. At the nanoscale, CNT bundles lying on the helical paths of the cylinders are comprised 

of individual, tortuous CNTs which are situated at some alignment, or orientation angle θ with 

respect to the axis of the bundle.  

 

Figures 2(b) and (c) show typical X-ray scatter patterns of a twisted CNT yarn with a twist density 

of 45k turns⋅m-1 at incident beam energies of 280 eV and 1200 eV, respectively, prior to any tensile 

loading. In each pattern, the dashed and dotted lines represent the paths of the equatorial scattering 

and the azimuthal directions, respectively. At a low energy of 280 eV and SDD of 150 mm, the 

scattering in the macroscale range of q = ∼ 10-2 – 10-1 nm-1 becomes observable when soft X-rays 

are incident upon a CNT yarn oriented perpendicular to the beam. At this microscale range of q, 

we can resolve within the twisted yarn structure the associated real space features of CNT – CNT 

separation and the bundling of several CNTs22 which are in the size range of 0.1 – 1 μm. The type 

of scattering associated with these real space features is generally classified as structure factor 

scattering. 20 Scattered X-rays at this low energy of 280 eV and SDD produce an “x”-like pattern 

with maximum intensities appearing as streaks at ca. ± 45o relative to the equatorial direction, as 
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shown in Figure 2(b). The shape of the pattern results from the fact that the low energy beam 

probes the CNT bundles which are twisted at some bias angle relative to the yarn axis, and that the 

resultant scattering is perpendicular to the orientation of the bundles.  In Figure 2(d), an intensity 

profile of equatorial scattering as a function of the magnitude of the scattering vector q reveals a 

broad, decaying shoulder without a defined peak, which is indicative of structure factor scattering. 

20, 22 At a high beam energy of 1200 eV and SDD of 70 mm, scattering in the nanoscale range of q 

= ∼ 10-1 – 100 nm-1 instead becomes observable in the scattering pattern which is shown in Figure 

2(c). The maximum intensity features in the high energy X-ray pattern appear as lobes lying along 

the equatorial direction, perpendicular to the axis of the CNT yarn. The intensity profile of the 

equatorial scattering at 1200 eV is shown in Figure 2(e), where a prominent and distinct peak can 

be observed in the range of q = ∼ 0.6 – 1 nm-1. This peak derives from the hollow-cylinder form 

factor of CNTs, which contains information about the inner and outer diameter distributions29 as 

well as the quantifiable nanoscale alignment of a CNT population. 19, 24, 30 

Scattering from the structure factor and the form factor can be further analyzed to extract 

quantifiable information about the twist structure of CNT yarns at the macroscale and the 

orientation of CNTs within individual bundles at the nanoscale, respectively, by plotting the 

azimuthal intensity distribution at relevant positions of q at both length scales. The azimuthal 

intensity distributions as a function of the azimuthal angle Ф, from -90o to +90o, are plotted at 280 

eV and 1200 eV in Figures 2(f) and (g), respectively. We found that for both X-ray scan conditions, 

a double-Gaussian model (see Supplementary Information, Eq. (S1)) works well to fit the 

experimental azimuthal intensity distribution data; 16 in Supplementary Figure S1, we show that 

the R2 values of double-Gaussian model fittings of the azimuthal intensity distributions recorded 

at each elongation step of a tensile test of a typical CNT yarn in this study are greater than 0.97. 
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In Figure 2(f), the relevant peak feature is the peak center position a of a single Gaussian subpeak, 

which we postulate represents the average microscale twist angle of all bias angles  that twisted 

CNT bundles make with the yarn axis, from the center to the circumference of the yarn. We will 

discuss this idea further below. In Figure 2(g), the relevant peak feature is the full-width-at-half-

max (FWHM, herein referred to as w), of a single Gaussian subpeak, which at the high energy of 

1200 eV represents the nanoscale orientation alignment distribution of CNTs within the twisted 

bundles.  

 

Figure 2: (a) Schematic of coaxial cylinders for the twisted fiber model. Typical X-ray scatter 

patterns of a twisted CNT yarn with a twist density of 45k turns⋅m-1 at [E, SDD] conditions of (b) 

[280 eV, 150 mm] and (c) [1200 eV, 70 mm], respectively, prior to any tensile loading. The broken 



LLNL-JRNL-871113 Published in ACS Nano 2025, 19, 26031-26040 (10.1021/acsnano.5c06670) 

11 

and dashed arrows represent the azimuthal and equatorial directions, respectively. Intensity 

profiles of equatorial scattering from the X-ray scatter patterns collected at the (d) [280 eV, 150 

mm] and (e) [1200 eV, 70 mm] conditions. The azimuthal intensity distributions as a function of 

the azimuthal angle Ф, from -90o to +90o, for the X-ray scatter patterns collected at (f) [280 eV, 

150 mm] and (g) [1200 eV, 70 mm], respectively. The azimuthal directions indicated in (a) and (b) 

represent the integration paths for the azimuthal intensity distributions plotted in (f) and (g), 

respectively. In both (f) and (g) plots, the black dots, blue dashed line, and the solid red line, are 

the experimental data, Gaussian fits, and model sum, respectively. 

 

Figures 3(a) and (b) show the SEM images of uncoated yarns with 45k and 90k turns⋅m-1 nominal 

twist density, respectively. In both images, the twist angle  of the yarns are drawn, which 

corresponds to the angle that an inclined CNT bundle observed along the circumference of the 

yarn makes with the yarn axis. These angles were measured to be 30 ± 1° and 42 ± 3° for the 45k 

and 90k turns⋅m-1 yarns, respectively. As discussed above, the bias twist angle  is at a maximum 

at the outer surface of the yarn and decreases toward the center. Thus, the SEM measurements 

provide information only about the maximum  (𝛼𝑚𝑎𝑥) of the yarns at the outer surface and 

nothing about the distribution of the  values that exist within the volume of the yarns. Figure 3(c) 

shows  plotted as a function of yarn diameter as calculated using the aforementioned coaxial 

cylinder model for the twist densities of 45k and 90k turns⋅m-1. Red vertical dashed lines are drawn 

to mark the measured diameter of the pristine 45k and 90k turns⋅m-1 yarns, which were 3.96 and 

3.43 μm, respectively. The diameters correspond to calculated 𝛼𝑚𝑎𝑥values of 31.3 and 46.5°, 

respectively, at the 45k and 90k turns⋅m-1 twist densities, and they closely agree with the values 

measured via SEM. Also displayed in Figure 3(c) is the average twist angle 𝛼̅, obtained by 
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averaging all  values along the tan() = 2rT  curve up to the measured diameters for both yarns; 

𝛼̅ was calculated to be 15.4 ± 0.6° and 24.7 ± 0.6° for the 45k and 90k turns⋅m-1 yarns, respectively. 

Figure 3(d) shows the azimuthal intensity distribution collected at 280 eV and q = 0.06 nm-1 for 

uncoated yarns of 45 and 90k/m twist density just prior to any tensile loading. The experimental 

data points for both samples are fitted with the double Gaussian distributions, from which the ɸ 

peak positions of 17.1 ± 0.1° and 23.6 ± 0.1° are observed for the 45k and 90k turns⋅m-1 yarns, 

respectively. As the intensity distributions contain information about the entire cross section of the 

yarns and not just the outer surface, the peak position at this beam energy and q position should 

correspond to the average twist angle of all twist angles contained within each yarn. Thus, the 

discrepancy from SEM twist angle measurements stems from accounting for the outer surface of 

the yarn, which can only provide 𝛼𝑚𝑎𝑥, whereas 𝛼̅ extracted from the twisted fiber model provides 

a different value that accounts for all of the CNT bundles within the yarn and their varying twist 

angles as a function of yarn radius. Figure 3(e) compares the average twist angles estimated from 

the twisted fiber model to those measured via the azimuthal intensity distributions, and we can see 

that these values closely agree.  
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Figure 3. SEM images of untreated yarns with (a) 45k and (b) 90k turns⋅m-1 nominal twist 

densities. (c) A plot of twist angle at the outermost surface of the yarn as a function of yarn diameter 

according to the twisted fiber model. The solid line and dotted line represent the curves for twist 

densities of 45k and 90k turns⋅m-1, respectively. For each twist density, both the maximum twist 

angle (𝛼𝑚𝑎𝑥) at the outer surface of the yarns as well as the average of all twist angles (𝛼̅) from 

the core to the surface are listed in the plot. (d) Azimuthal intensity distributions collected at [280 

eV, 150 mm] of untreated yarns with 45k and 90k turns⋅m-1 nominal twist densities prior to tensile 

loading. The black dots and red solid lines are the experimental data points and the double-

Gaussian model-fitted sums, respectively. The vertical dashed lines indicate the peak centers 

whose values are labeled and that which we postulate represent the average twist angle of the entire 

CNT population within the yarns probed by X-ray scattering. (e) A bar chart comparing the average 
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twist angle values of the yarns at both twist densities, prior to tensile loading, obtained from the 

twisted fiber model with that of soft X-ray scattering.  

 

We can now show the results of a full experiment that measures the low and high energy X-ray 

features of a multiscale CNT yarn assembly during in situ tensile testing. Figure 4(a) shows the 

force vs time curve for an untreated yarn with a nominal twist density of 45k turns⋅m-1. This yarn 

had an initial length of 6.06 mm and diameter of 3.964 ± 0.179 μm. From this temporal force data, 

the measured initial yarn parameters, and the known nominal elongation steps of the tensile stage 

(20 μm), the engineering stress-strain curve for this yarn was calculated and is shown in Figure 

4(b). At each step of yarn tensile elongation, the yarn was measured at 280 and 1200 eV 

synchrotron X-ray energy to examine the evolution with stress of the macroscale twist and the 

nanoscale orientation distribution, respectively. Figures 4(c) and 4(d) show the azimuthal intensity 

distributions at select nominal values of yarn elongation at X-ray energies of 280 and 1200 eV, 

respectively. These data show that with increasing yarn elongation, or tensile stress, that both the 

average twist angle and the nanoscale orientation decrease. I.e., with increasing stress, the yarn 

increasingly untwists at the microscale and at the nanoscale, individual CNT bundles tend to 

straighten. Figure 4(e) shows the average twist angle and the orientation distribution with respect 

to their initial values (a/a0 and w/w0, respectively) as a function of stress on a single plot, as 

collected from the 280 and 1200 eV X-ray energy analyses. Up to about 80 MPa, both a/a0 and 

w/w0 have roughly the same slope and thus a similar response to applied tensile stress. Beyond 

∼ 80 MPa, a/a0 responds more greatly to increasing stress than does w/w0, implying that at the 

microscale, the untwisting of the yarn occurs more easily than does the realignment of CNT 

bundles at the nanoscale. Thus, the decoupling of the microscale twist from the nanoscale 
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tortuosity allows us to observe that for this untreated CNT yarn, slippage during applied stress 

occurs more easily between tube bundles than for individual nanotubes. These results strengthen 

the understanding that for untreated yarns under applied stress, lack of interaction between CNT 

bundles cause them to slide past each other more easily, while CNTs within the bundles are more 

densely tangled and thus more resistant to realignment than the microscale structure. 2 Thus, for 

untreated CNT yarns, the mechanical load is not well transferred to the ultrastrong, individual 

CNTs within bundles, and such yarns will fail as their bundles untwist and slip. The following 

section contains results on surface modification and polymer reinforcement to better distribute the 

load to individual CNTs, thus mitigating CNT yarn failure via the slip mechanism.  

Figure 4. Full analysis of in situ tensile testing at [280 eV, 150 mm] and [1200 eV, 70 mm] of an 
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untreated yarn with a nominal twist density of 45k turns⋅m-1. (a) Force load on the yarn as a 

function of time. X-ray measurements were conducted after the force load had stabilized to 

mitigate the effects of creep. (b) Stress-strain curve of the yarn during the experiment. Sequence 

of azimuthal intensity distribution plots collected at (c) [280 eV, 150 mm] and (d) [1200 eV, 70 

mm] for increasing nominal yarn elongations as the tensile load is applied. Changes in the 

microscale average twist angle a and the nanoscale orientation distribution w are noted with the 

red dashed arrows in (c) and (d), respectively. (e) The changes in a and w plotted with respect to 

their original, pre-tensile load values a0 (16.6°) and w0 (30.0°) as a function of stress. 

 

We have shown in previous work2 that the incorporation of covalent bonds and cross-linking 

between CNT bundles within yarn assemblies helps to prevent the straightening and subsequent 

slipping of CNTs under tensile load. How strongly the CNT bundles resist straightening during 

tensile loading was quantified via 1200 eV soft X-ray measurements by extracting the w value of 

the azimuthal intensity integrated at the CNT core shell form factor peak position in q space. Figure 

5(a) shows the FWHM with respect to its initial value (w/w0) of untreated yarns as a function of 

applied stress for increasing initial twist densities. Smaller changes in w/w0 indicate a higher 

resistance to nanoscale alignment as stress is applied to the yarn. As expected, the alignment 

distribution decreases as stress increases and nanotube bundles straighten. The yarns with 45k and 

60k turns⋅m-1 initial twist densities fail at ∼ 435 and 460 MPa, respectively. The 60k turns⋅m-1 yarn 

also failed at a smaller w/w0 (∼ 0.71) as compared to the 45k turns⋅m-1 one (∼ 0.66), indicating 

that larger twist density yarns are more resistant to alignment at the nanoscale. Further, the 

resistance to alignment at the nanoscale during loading can be quantified by the rates of change 

(in % MPa-1) of the w/w0 vs stress curves. The alignment of the 45k⋅turns m-1 yarn relative to its 
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initial value decreases at a rate of 0.20% MPa-1 before transitioning to a much shallower decline 

of 0.03% MPa-1, while that of the 60k turns⋅m-1 yarn falls a rate of 0.19% MPa-1 before 

transitioning to 0.02% MPa-1. The change in the slopes indicates a change of the failure mechanism 

of the yarns; larger, weakly coupled CNT bundles begin to translate past each other, followed by 

the slower slippage between individual CNTs which are more densely woven. The yarn with an 

initial twist density of 90k turns⋅m-1 failed at a much lower stress (∼ 200 MPa) compared to that 

of the 45k and 60k turns⋅m-1 yarns, but also at a much larger w/w0 (∼ 0.78) The resistance to 

nanoscale alignment of the 90k turns⋅m-1 yarn is further evidenced by its much shallower and 

singular rate of change in w/w0  of 0.12% MPa-1. Although the 90k turns⋅m-1 yarn is more resistant 

to nanoscale realignment during tensile loading, it was shown by Mirzaeifar et al. 31 that increasing 

the twist angle of a CNT yarn bundle will enhance intertube interactions to certain point through 

the increase of interaction area between tubes, but that beyond a critical twist angle, the cross 

sections of tube bundles experience enhanced deformation, thereby weakening the shear strength 

between tubes and causing yarn failure.  

 

Figure 5(b) shows w/w0 as a function of applied stress for air plasma-treated yarns of 45k turns⋅m-

1 initial twist density which either have been not coated with PGMA polymer, coated, or both 

coated and crosslinked. The plasma-treated, uncoated yarn exhibits a similar trend in w/w0 as that 

of the 45k turns⋅m-1 yarn in Fig. 5(a), except that the uncoated plasma-treated yarn fails at a higher 

stress (∼ 580 MPa). Further, the w/w0 vs stress curve of the uncoated plasma-treated yarn resists 

nanoscale realignment more strongly than the 45k turns⋅m-1 not treated with plasma from Fig. 5(a), 

as evidenced by its shallower slope of 0.12% MPa-1 before transitioning to 0.03 % MPa-1. We show 

via XPS measurements in Figure S2 that as a function of air plasma treatment time of CNT yarns 
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that the O at.% increases relative to C at.%, and that the at.% of -C-O-C-32 and >C=O32, 33 increases 

at the expense of sp2-C as indicated by deconvolution of the C 1s shift. Complementary Raman 

data in Fig. S3 show that the D/G ratio of CNT yarns increases with air-plasma treatment time. 

These supplementary results together indicate that air plasma of CNT yarns induces point defects 

in the sp2 lattice of CNTs which are the introduction of functional groups on the CNT surface such 

as -C-O-C- and >C=O. These functional groups allow covalent bonding to begin between CNTs32 

in yarn assemblies which would explain the stronger resistance to nanoscale realignment of the 

plasma-treated yarn at 45k turns⋅m-1 relative to the untreated one. 

 

In Fig. 5(b), it can further be seen that the coating and infiltrating an air plasma-treated yarn with 

PGMA via iCVD results in an even stronger resistance to nanoscale alignment of CNT bundles 

under tensile loading, as evidenced by the singular, shallower rate of decline in w/w0 of 2.27×10-2 

% MPa-1. Further, the air-plasma treated yarn that was PGMA coated and underwent crosslinking 

exhibits a singular and the shallowest declining slope w/w0 of 1.64×10-2 % MPa-1. Through PGMA 

coating and subsequent crosslinking of yarns, the extent of covalent bonding between CNT bundles 

increases. Whereas the uncoated yarns typically underwent nanoscale alignment, or straightening, 

and failed by the slipping of loose CNT bundles, the coated and crosslinked yarns, due to the 

increased covalent bonding between bundles, were able to resist such nanoscale alignment more 

strongly. The absence of a second slope in w/w0 vs stress for the coated and crosslinked yarns 

indicates that the severance of the polymer-induced covalent bonds and CNT bundle slipping 

occurs simultaneously. 2 In this way, the tensile load is better transferred to the CNT bundles in 

treated yarns than in untreated yarns. These observations of enhanced load bearing effects of 

surface modification of CNT structures and their subsequent incorporation into composite 
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materials agree with those found in literature. For example, Kim et al. 34 found that a sulfuric-nitric 

acid treatment followed by Ar plasma exposure of multiwall CNTs created oxygen-containing 

surface functional groups which led to the CNTs being well dispersed in a polymer matrix resin. 

The high quality of the dispersion allowed for increased interfacial bonding between the matrix 

resin and the CNTs which resulted in enhanced mechanical properties for epoxy composites with 

surface-modified CNTs compared to those with untreated CNTs. 34 Similarly, Park et al. 35 showed 

that gamma radiation of CNT yarns also creates oxygen-containing functional groups on CNT 

surfaces which induced crosslinking in between CNTs; unidirectional epoxy laminates based on 

the irradiated yarns were stronger than that of the untreated yarns.  

 

Figure 5. Changes in the nanoscale orientation distribution (w/w0) as a function of tensile stress for 

(a) untreated yarns of varying twist density and (b) air-plasma treated yarns that are either 

uncoated, coated, or cross-linked at the same nominal twist density of 45k turns⋅m-1. The initial 

orientation distribution w0 for each sample are indicated in the legend of each plot.  
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Conclusions 

In this study, we described a process for evaluating the twist structure of untreated CNT yarns 

during in situ tensile loading using soft X-ray synchrotron energy. In this way, we decoupled 

changes of the average microscale twist angle of aggregate CNTs within the yarn from that of the 

nanoscale orientation distribution of individual CNTs. We found that the untwisting of the yarn 

occurs more easily than does the realignment of CNT bundles at the nanoscale under applied stress, 

which is a critical understanding for the development of scaled fabrication of CNT yarns. We 

believe that the proposed soft X-ray technique can be used to decouple the structural morphology 

of multiple length scales of hierarchical assemblies based on other non-carbon and non-twisted 

materials systems, such as metallic nanowires, 36 whose assembly into macroscale structures will 

scale up their excellent properties optoelectronic transport, or hierarchically assembled 

biocompatible and biodegradable nanofibers in three-dimensional scaffolds for use in regenerative 

medicine. 37 Additionally, we observed changes of the nanoscale orientation only in treated yarns, 

varying both the nominal initial twist densities as well as the post-fabrication process conditions 

such as air-plasma exposure, PGMA polymer coating, and subsequent polymer crosslinking. We 

found that increasing the nominal initial twist density of yarns allowed for an increased resistance 

to nanoscale realignment during tensile loading, but that too large of a twist density can weaken 

the shear strength between tubes and cause premature failure. For a single twist density of 45k 

turns⋅m-1, we found that air-plasma treated yarns exhibited a stronger resistance to nanoscale 

realignment and larger failure stress than untreated yarns. Subsequent PGMA coating and cross-

linking further improved on that nanoscale realignment resistance and failure strength, as well as 

prevented mechanical failure due to the slip mechanism because of the increasing degrees of 

covalent bonding between CNTs. The CNT yarn reinforcement via air-plasma surface treatment 
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and PGMA infiltration allow for the advancement of CNT yarns in several applications such as 

laminate composites for load bearing, strain sensors, and smart and impact-resistant textiles. 
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Methods 

CNT synthesis and fabrication of yarns 

The details for synthesis of spinnable CNT forests and subsequent yarn fabrication can be found 

in our previous work. 2, 18, 38 In short, CNT forests were first grown on Si substrates via near-

atmospheric chemical vapor deposition (CVD) at 700 °C using acetylene (C2H2) as the carbon-

containing precursor in a 12 vol % atmosphere of Ar/H2. The Si substrates were pre-deposited with 

an electron-beam evaporated iron (Fe) thin-film catalyst layer to promote the growth of CNT 

forests during CVD. At these conditions, synthesized CNTs were typically multiwalled (~8 walls) 

with an outer diameter of ∼ 11 nm and forest heights of ∼ 250 μm. 

 

The as-grown CNT forests were then dry-spun by first pulling a controlled track width (of 600 

μm) of CNTs, patterned by laser machining, from the forest and fixing its end to the rotating axis 

of a motor. The forest and the motor were then linearly displaced in opposite directions during 

twist insertion to form yarns with prescribed twist densities of 45k to 90k turns⋅m-1. Spun yarns 

had a typical total length of ∼ 50 cm and diameters less than 10 μm. Shorter lengths between 1 – 

2 cm of each yarn were sectioned by cutting and transferred onto paper-holder frames for safe and 

convenient manipulation before and during testing. On the paper-holder frames, the yarns, with 

their extremities fixed to the ends of the frames with UV-cured epoxy resin, were free-standing 

along a ∼ 1 cm central aperture. Each yarn specimen diameter was measured at several positions 

along its length using SEM (Phenom Pro X).  
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iCVD polymer infiltration, crosslinking, and air plasma treatment 

For mechanical reinforcement, fabricated yarns were infiltrated with polymer using a vapor-phase 

synthesis approach and subsequently cross-linked by a short thermal treatment. Details of the 

polymer infiltration chamber and conditions can be found in our previous work. 2, 18 In short, 

PGMA was deposited onto yarns via initiated-CVD (iCVD) (GVD Co. iLab coating system) at a 

chamber pressure of 20 mtorr. Glycidyl methacrylate (GMA, Sigma-Aldrich, 97%) was used as 

the monomer while tert-butyl peroxide (TBPO, Sigma-Aldrich, 98%) was used as the 

polymerization initiator. Within the chamber, a hot filament was held at ∼ 155 °C to break the 

initiator molecule and promote the polymerization reaction, while the yarn sample was held close 

to room temperature via active cooling of the substrate chamber. The PGMA coating thickness was 

monitored in situ during the deposition process by interferometry of a He–Ne laser (λ = 632.8 nm) 

incident on the surface of a Si reference wafer which was placed directly on top of the chamber 

substrate surface. Typical PGMA deposition rates as observed on the Si reference wafer were ca. 

4 nm⋅min-1.  To induce self-crosslinking in the PGMA, the PGMA-coated yarns were subjected to 

a thermal treatment in a vacuum furnace at 150 °C for 30 min under a continuous N2 flow bleed at 

a pressure of 40 torr. To evaluate the impact of chemical functionalization on the CNT sidewall on 

polymer-load mechanical transfer, only when specified, we pre-treated CNT yarns and free-

standing sheet assemblies with an air plasma for 60 s (1 mbar, 30 W, 13.56 MHz, Diener Femto 

Plasma Cleaner) immediately before CVD polymer deposition infiltration. Unless otherwise 

stated, yarns that were not subject to any post-processing treatment for reinforcement will be 

referred to as untreated; yarns subjected to PGMA coating and infiltration but without crosslinking 

will be referred to as coated; and yarns subjected to the PGMA coating, infiltration and 
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crosslinking will be referred to as crosslinked. Similarly, we add the prefix plasma to the coated 

and crosslinked CNT assembly that were pre-treated with plasma. 

 

Characterization 

Chemical analysis of treated CNT assemblies 

The surface composition and chemical binding states of air-plasma treated sheet assemblies were 

probed using a Thermo-Fisher K-Alpha Plus X-ray photoelectron spectroscopy (XPS) system. 

XPS measurements utilized a monochromatic Al Kα X-ray source (1.486 eV), a hemispherical 

analyzer, a multi-channel detector, and an electron flood source for charge neutralization. The 

probing X-ray beam had a spot-size of 400 µm. The analyzer was set to a pass energy of 50 eV 

and the energy step-size was 0.100 eV. For each sample, scans were performed at three different 

locations within the center of the sheet assembly. The three sets of data for each sample were then 

averaged and analyzed to determine O 1s/C 1s composition relationships as well as the O 1s and 

C 1s chemical binding states. Spectra were calibrated to the sp2-C state of C 1s at 284.4 eV. 39, 32 

Quantification of each spectra for surface composition analysis was performed using Avantage 

Data System software (Thermofisher Scientific) where a Shirley background was employed. To 

determine chemical binding states, C 1s and O 1s spectra were then deconvoluted with pseudo-

Voight functions in Fityk. 40 Micro-Raman spectroscopy of CNT sheet assemblies was performed 

using an inVia™ Qontor® confocal Raman microscope with an excitation wavelength of λ = 633 

nm at 20 mW power, a 1200 lines/mm grating, and a 20× objective lens. The system was calibrated 

with an internal Si wafer reference standard before each measurement. Single-point spectra were 

obtained in the 500 – 3500 cm-1 range for 30 s exposure times averaged over 15 accumulations at 

10% laser power. Each spectrum was baseline subtracted with an 11th order polynomial 41 and 

normalized to the D-band (∼ 1310 cm-1) prior to data analysis.   
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In situ X-ray scattering under tensile load  

To probe the micro- and nanoscale morphological responses of CNT yarn structures to in situ 

tensile loading, we performed nondestructive synchrotron experiments at the Advanced Light 

Source (ALS, Beamline 11.0.1.2). We were able to access the micro- and nano- length scales by 

collecting 2D X-ray scattering images in different q regimes, where q is defined as the magnitude 

of the scattering vector as follows: 

 

𝑞 =
4𝜋

𝜆
sin (

2θ

2
) =  

4𝜋𝐸

ℎ𝑐
sin [

1

2
tan−1 (

𝑝𝑖𝑥𝑒𝑙 𝑠𝑖𝑧𝑒 × 𝑝𝑖𝑥𝑒𝑙 #

𝑆𝐷𝐷
)]                 Eq. (1) 

 

where 𝜆 and 𝐸 are the wavelength and energy of the incident X-rays, respectively, 2θ is the 

scattering angle, ℎ is Planck’s constant, 𝑐 is the speed of light, and SDD is the sample-to-detector 

distance. A 1024 × 1024 charged couple device (0.027 mm square pixel) was used to detect 

scattered X-rays during experiments. In this work, we utilized [E, SDD] condition pairings of [280 

eV, 150 mm] and [1200 eV, 70 mm] to achieve observable q ranges between ∼ 0.008 – 0.1 nm-1 

and ∼ 0.1 – 1.0 nm-1, respectively. Using the conventional 2/q relationship, these ranges in q-

space correspond to real-space ranges of ∼ 60 nm – 0.8 m and ∼ 6 – 60 nm, respectively. We 

note in this work that the ∼ 6 – 60 nm feature size range provided by the [1200 eV, 70 mm] 

condition potentially allows us to resolve information regarding the change in size of small CNT 

bundles from X-ray measurements during tensile loading as that range falls within that expected 

of bundle size (10 – 100 nm). 22 However, the observed scattering feature is a broad slope in the 

measured scattering intensity, which is indicative of a broad size distribution. Although the CNT 

bundle size was outside the scope of this work, our group has previously measured this feature 

explicitly22 in multiwall CNT forests by analyzing the mesoscale structure factor20, 22 observed 
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from [284 eV, 50 mm] scattering. Verploegen et al. 20 were also able to explicitly resolve CNT 

bundle sizes using hard ultra-small X-ray scattering (SAXS). Using the scattering model described 

by Verploegen et al. 20, where the intensity is expressed as I(q) = A·F(q)·S(q) + C(q) — with A as 

an independent scaling factor, F(q) representing the form factor of individual CNT scattering cross-

sections, S(q) the structure factor capturing neighboring inter-tube scattering interactions, and C(q) 

the Debye–Büche function accounting for scattering and characteristic CNT bundle size — we 

were able to estimate bundle sizes and assess their evolution under yarn strain within the 200–

400 nm range. The analysis indicates that bundle sizes increase from approximately 200 nm to 

∼ 400 nm at intermediate strains, likely due to the unentangling and alignment of adjacent CNTs. 

As strain increases further, the bundle size decreases back to ∼ 200 nm, suggesting that external 

forces eventually overcome frictional interactions, causing larger bundles to be pulled apart. 

However, due to limitations in the q-range accessible with our current dataset, we are unable to 

resolve contributions from larger bundles exceeding ∼ 600 nm during the straining process. 

Within the vacuum chamber connected to the beamline, we installed a custom-built tensile stage 

to incrementally elongate yarns (in repeatable, 20 m steps) and measure their displacement, 

respectively, during in-situ X-ray scattering. This tensile stage integrates a UHV-compatible piezo 

precision linear stage (13 mm travel distance, PI Q-motion, and ESP302-2N Newport Controller) 

in series with a miniature load cell (10 gf, Futek LSB200) to measure the force. In this setup, the 

travel distance (z-displacement) was measured independently with a high precision displacement 

optical measurement sensor (0.25 µm resolution, spectral interferometer, Keyence Co. SI-F01). 

The stage was adjustable in the XY-plane and was attached to a vertical translator to perform yarn 

elongation along the Z-direction, i.e., along the yarns’ longitudinal axis. Both ends of the paper 

frame supporting the yarn were fixed to the tensile stage with UV-curable epoxy resin. After 
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mounting the sample to the stage, the paper frame was cut on either side of the yarn in order to 

place the yarn under tension prior to the in-situ straining experiment. The exerted tensile force and 

displacement of each yarn was recorded and from knowing the original yarn diameter and length 

were then converted to engineering stress and strain, respectively. In this study, we utilized the 

[280 eV, 150 mm] and [1200 eV, 70 mm] conditions to probe the micro- and nanoscale 

morphological evolutions of untreated yarns only, which had nominal twist densities of 45k and 

90k turns⋅m-1. In a typical experiment, after chamber pump-down and beam alignment, the beam 

and tensile stage were first brought to the [1200 eV, 70 mm] condition where the high-energy X-

ray shot is taken. The system was then brought to the [280 eV, 150 mm] condition where the low-

energy X-ray shot is taken. Then, the elongation was increased by 20 m and another shot at [280 

eV, 150 mm] was taken. At this same step in elongation, the system was switched back to the [1200 

eV, 70 mm] condition for measurement, and this process was repeated until yarn failure, which is 

observable as a distorted X-ray pattern. We note that creep was evident in the yarns upon 

incremental loading; to account for the creep, each X-ray measurement was conducted after the 

stretch force response stabilized. Prior to each X-ray measurement, a “blank” shot was taken where 

the sample was not in the field of view of the beam (by adjusting the lateral X position of the stage 

to a specified, repeated distance away from the beam center) so that there existed a background 

scan that could be subtracted from each measurement scan during analysis. A separate set of 

untreated, coated, and cross-linked yarns with nominal twist densities of 45k, 60k, and 90k 

turns⋅m-1 were analyzed only at the [1200 eV, 70 mm] to observe their morphological evolution 

with stress at the nanoscale alone. Custom MATLAB scripts19 were used to reduce and analyze all 

scattering data.  

  



LLNL-JRNL-871113 Published in ACS Nano 2025, 19, 26031-26040 (10.1021/acsnano.5c06670) 

28 

ASSOCIATED CONTENT 

Supporting Information.  

The following files are available free of charge. 

Double Gaussian methodology for fitting the azimuthal intensity (I(Φ)) of the distribution profiles 

and representative R2 values from the fits; deconvoluted XPS and Raman spectra for both control 

and air-plasma treated carbon nanotubes. (PDF) 

AUTHOR INFORMATION 

Corresponding Author 

*Xavier Lepró. Physical and Life Sciences Directorate, Lawrence Livermore National Laboratory, 

Livermore, California 94550, United States. E-mail: xnlepro@llnl.gov 

Present Addresses 

Eric R. Meshot: Atomic Machines Inc., 950 Gilman Street Suite 800, Berkeley, California 

94710, United States. 

Author Contributions 

The manuscript was written through contributions of all authors. All authors have given approval 

to the final version of the manuscript. 

 

ACKNOWLEDGEMENTS  

This work was performed under the auspices of the U.S. Department of Energy by Lawrence 

Livermore National Laboratory (LLNL) under Contract DE-AC52-07NA27344. Funding was 

provided by LLNL Laboratory Directed Research and Development (LDRD) Program Grant No. 



LLNL-JRNL-871113 Published in ACS Nano 2025, 19, 26031-26040 (10.1021/acsnano.5c06670) 

29 

20-ERD-023. Material preparation and characterization were in part performed at the Molecular 

Foundry, while X-ray experiments were performed at beamline 11.0.1.2 of the Advanced Light 

Source, and both facilities are supported by the Office of Science, Office of Basic Energy Sciences, 

of the U.S. Department of Energy under Contract No. DE-AC02- 05CH11231.  

LLNL-JRNL-871113. 

  



LLNL-JRNL-871113 Published in ACS Nano 2025, 19, 26031-26040 (10.1021/acsnano.5c06670) 

30 

REFERENCES 

(1) Zhang, X.; Lu, W.; Zhou, G.; Li, Q. Understanding the Mechanical and Conductive 

Properties of Carbon Nanotube Fibers for Smart Electronics. Adv. Mater. 2020, 32, 1-21. 

(2) Lepró, X.; Aracne-Ruddle, C.; Malone, D.; Hamza, H.; Schaible, E.; Buchsbaum, S. F.; 

Calonico-Soto, A.; Bigelow, J.; Meshot, E. R.; Baxamusa, S.; Stadermann, M. Liquid-free 

Covalent Reinforcement of Carbon Nanotube Dry-spun Yarns and Free-standing Sheets. Carbon 

2022, 187, 415-424. 

(3) Hopkins, A. R.; Labatete-Goeppinger, A. C.; Kim, H.; Katzman, H. A. Space Survivability of 

Carbon Nanotube Yarn Material in Low Earth Orbit. Carbon 2016, 107, 77-86. 

(4) Kim, H.; Park, J. W.; Hyeon, J. S.; Sim, H. J.; Jang, Y.; Shim, Y.; Huynh, C.; Baughman, R. 

H.; Kim, S. J. Electrical Energy Harvesting from Ferritin Biscrolled Carbon Nanotube Yarn. 

Biosens. Bioelectron. 2020, 164. 

(5) Utsumi, S.; Ujjain, S. K.; Takahashi, S.; Shimodomae, R.; Yamaura, T.; Okuda, R.; 

Kobayashi, R.; Takahashi, O.; Miyazono, S.; Kato, N.; Aburamoto, K.; Hosoi, Y.; Ahuja, P.; 

Furuse, A.; Kawamata, Y.; Otsuka, H.; Fujisawa, K.; Hayashi, T.; Tomanek, D.; Kaneko, K. 

Giant Nanomechanical Energy Storage Capacity in Twisted Single-walled Carbon Nanotube 

Ropes. Nat. Nanotechnol. 2024, 19, 1007-1015. 

(6) Zhao, H.; Zhang, Y.; Bradford, P. D.; Zhou, Q.; Jia, Q.; Yuan, F. G.; Zhu, Y. Carbon 

Nanotube Yarn Strain Sensors. Nanotechnology 2010, 21, 305502. 

(7) Ryu, S.; Lee, P.; Chou, J. B.; Xu, R.; Zhao, R.; Hart, A. J.; Kim, S. Extremely Elastic 

Wearable Carbon Nanotube Fiber Strain Sensor for Monitoring of Human Motion. ACS Nano 

2015, 9, 5929-5936. 

(8) Foroughi, J.; Spinks, G. M.; Wallace, G. G.; Oh, J.; Kozlov, M. E.; Fang, S.; Mirfakhrai, T.; 

Madden, J. D. W.; Shin, M. K.; Kim, S. J.; Baughman, R. H. Torsional Carbon Nanotube 

Artificial Muscles. Science 2011, 334, 494-497. 

(9) Chun, K. Y.; Hyeong Kim, S.; Kyoon Shin, M.; Hoon Kwon, C.; Park, J.; Tae Kim, Y.; 

Spinks, G. M.; Lima, M. D.; Haines, C. S.; Baughman, R. H.; Jeong Kim, S. Hybrid Carbon 

Nanotube Yarn Artificial Muscle Inspired by Spider Dragline Silk. Nat. Commun. 2014, 5, 3322-

3330. 



LLNL-JRNL-871113 Published in ACS Nano 2025, 19, 26031-26040 (10.1021/acsnano.5c06670) 

31 

(10) Li, Y.; Kinlock, I. A.; Windle, A. H. Direct Spinning of Carbon Nanotube Fibers from 

Chemical Vapor Deposition Synthesis. Science 2004, 304, 276-278. 

(11) Liu, K.; Sun, Y.; Zhou, R.; Zhu, H.; Wang, J.; Liu, L.; Fan, S.; Jiang, K. Carbon Nanotube 

Yarns with High Tensile Strength Made by a Twisting and Shrinking Method. Nanotechnology 

2010, 21, 045708. 

(12) Liu, L.; Ma, W.; Zhang, Z. Macroscopic Carbon Nanotube Assemblies: Preparation, 

Properties, and Potential Applications. Small 2011, 7, 1504-1520. 

(13) Anike, J. C.; Belay, K.; Abot, J. L. Effect of Twist on the Electromechanical Properties of 

Carbon Nanotube Yarns. Carbon 2019, 142, 491-503. 

(14) Li, Q. W.; Zhang, X. F.; DePaula, R. F.; Zheng, L. X.; Zhao, Y. H.; Stan, L.; Holesinger, T. 

G.; Arendt, P. N.; Peterson, D. E.; Zhu, Y. T. Sustained Growth of Ultralong Carbon Nanotube 

Arrays for Fiber Spinning. Adv. Mater. 2006, 18, 3160-3163. 

(15) Ghemes, A.; Minami, Y.; Muramatsu, J.; Okada, M.; Mimura, H.; Inoue, Y. Fabrication and 

Mechanical Properties of Carbon Nanotube Yarns Spun from Utra-long Multi-walled Carbon 

Nanotube Arrays. Carbon 2012, 50, 4579-4587. 

(16) Sugimoto, Y.; Shioya, M.; Matsumoto, H.; Minagawa, M.; Tanioka, A. Structure Changes 

During Tensile Deformation and Mechanical Properties of a Twisted Carbon Nanotube Yarn. 

Carbon 2013, 60, 193-201. 

(17) Jeon, S. Y.; Jang, J.; Koo, B. W.; Kim, Y. W.; Yu, W. R. A Predictive Model of the Tensile 

Strength of Twisted Carbon Nanotube Yarns. Nanotechnology 2017, 28, 015703. 

(18) Meshot, E. R.; Baker, A.; Malone, D.; Hayes, S.; Hamza, H.; Wang, C.; Marcus, M. A.; 

Lepro, X. High-resolution X-ray Spectromicroscopy Reveals Process-structure Correlations in 

Sub-5-μm Diameter Carbon Nanotube-polymer Composite Dry-spun Yarns. ACS Nano 2023, 17, 

10589-10597. 

(19) Meshot, E. R.; Hart, A. J. Abrupt Self-termination of Vertically Aligned Carbon Nanotube 

Growth. Appl. Phys. Lett. 2008, 92, 1-3. 



LLNL-JRNL-871113 Published in ACS Nano 2025, 19, 26031-26040 (10.1021/acsnano.5c06670) 

32 

(20) Verploegen, E.; Hart, A. J.; De Volder, M.; Tawfick, S.; Chia, K. K.; Cohen, R. E. Non-

destructive Characterization of Structural Hierarchy Within Aligned Carbon Nanotube 

Assemblies. J. Appl. Phys. 2011, 109, 94316-943165. 

(21) Dumée, L.; Sears, K.; Mudie, S.; Kirby, N.; Skourtis, C.; McDonnell, J.; Lucas, S.; Schütz, 

J.; Finn, N.; Huynh, C.; Hawkins, S.; Kong, L.; Hodgson, P.; Duke, M.; Gray, S. 

Characterization of Carbon Nanotube Webs and Yarns with Small angle X-ray Scattering: 

Revealing the Yarn twist and Inter-nanotube Interactions and Alignment. Carbon 2013, 63, 562-

566. 

(22) Meshot, E. R.; Zwissler, D. W.; Bui, N.; Kuykendall, T. R.; Wang, C.; Hexemer, A.; Wu, K. 

J. J.; Fornasiero, F. Quantifying the Hierarchical Order in Self-Aligned Carbon Nanotubes from 

Atomic to Micrometer Scale. ACS Nano 2017, 11, 5405-5416. 

(23) Mikhalchan, A.; Madrona, C.; Arévalo, L.; Malfois, M.; Vilatela, J. J. Improved Alignment 

and Stress Transfer in CNT Fibre Fabrics Studied by In Situ X-ray and Raman During Wet-

drawing. Carbon 2022, 197, 368-377. 

(24) Wang, B.; Bennet, R. D.; Verploegen, E.; Harris, A. T.; Cohen, R. E. Quantitative 

Characterization of the Morphology of Multiwall Carbon Nanotube Films by Small-angle X-ray 

Scattering. J. Phys. Chem. C 2007, 111, 5859-5865. 

(25) Wang, B.; Bennet, R. D.; Verploegen, E.; Hart, A. J.; Cohen, R. E. Characterizing the 

Morphologies of Mechanically Manipulated multiwall Carbon Nanotube Films by Small-angle 

X-ray Scattering. J. Phys. Chem. C 2007, 111, 17933-17940. 

(26) Wang, C.; Lee, D. H.; Hexemer, A.; Kim, M. I.; Zhao, W.; Hasegawa, H.; Ade, H.; Russell, 

T. P. Defining the Nanostructured Morphology of Triblock Copolymers Using Resonant Soft X-

ray Scattering. Nano Lett. 2011, 11, 3906-3911. 

(27) Collins, B. A.; Gann, E. Resonant Soft X‐ray Scattering in Polymer Science. J. Polym. Sci. 

2021, 60, 1199-1243. 

(28) Li, C.; Luo, Y.; Li, W.; Yang, B.; Sun, C.; Ma, W.; Ma, Z.; Wei, Y.; Li, X.; Yang, J. The 

on-chip thermoelectric cooler: advances, applications and challenges. Chip 2024, 3, 100096. 



LLNL-JRNL-871113 Published in ACS Nano 2025, 19, 26031-26040 (10.1021/acsnano.5c06670) 

33 

(29) Meshot, E. R.; Plata, D. L.; Tawfick, S.; Zhang, Y.; Verploegen, E.; Hart, A. J. Engineering 

Vertically Aligned Carbon Nanotube Growth by Decoupled Thermal Treatment of Precursor and 

Catalyst. ACS Nano 2009, 3, 2477. 

(30) Vainio, U.; Schnoor, T. I. W.; Koyiloth Vayalil, S.; Schulte, K.; Müller, M.; Lilleodden, E. 

T. Orientation Distribution of Vertically Aligned Multiwalled Carbon Nanotubes. J. Phys. Chem. 

C 2014, 118, 9507-9513. 

(31) Mirzaeifar, R.; Qin, Z.; Buehler, M. J. Mesoscale Mechanics of Twisting Carbon Nanotube 

Yarns. Nanoscale 2015, 7, 5435-5445. 

(32) Okpalugo, T. I. T.; Papakonstantinou, P.; Murphy, H.; McLaughlin, J.; Brown, N. M. D. 

High Resolution XPS Characterization of Chemical Functionalised MWCNTs and SWCNTs. 

Carbon 2005, 43, 153-161. 

(33) Gengenbach, T. R.; Major, G. H.; Linford, M. R.; Easton, C. D. Practical Guides for X-ray 

Photoelectron Spectroscopy (XPS): Interpreting the Carbon 1s Spectrum. J. Vac. Sci. Technol., A 

2021, 39, 013204. 

(34) Kim, J. A.; Seong, D. G.; Kang, T. J.; Youn, J. R. Effects of Surface Modification on 

Rheological and Mechanical Properties of CNT/Epoxy Composites. Carbon 2006, 44, 1898-

1905. 

(35) Park, J. G.; Evers, C.; Jolowsky, C.; Vondrasek, B.; Thagard, K.; Czabaj, M.; Ku, B.; Wang, 

Y.; Dumitrică, T.; Odegard, G. M.; Liang, Z. Gamma-ray irradiation to achieve high tensile 

performance of unidirectional CNT yarn laminates. Carbon 2024, 216, 118530. 

(36) Chen, Y.; Liang, T.; Chen, L.; Chen, Y.; Yang, B.-R.; Luo, Y.; Liu, G.-S. Self-assembly, 

alignment, and patterning of metal nanowires. Nanoscale Horiz. 2022, 7, 1299-1339. 

(37) Chen, S.; Wang, H.; McCarthy, A.; Yan, Z.; Kim, H. J.; Carlson, M. A.; Xia, Y.; Xie, J. 

Three-Dimensional Objects Consisting of Hierarchically Assembled Nanofibers with Controlled 

Alignments for Regenerative Medicine. Nano Letters 2019, 19, 2059-2065. 

(38) Lepró, X.; Ovalle‐Robles, R.; Lima, M. D.; Elías, A. L.; Terrones, M.; Baughman, R. H. 

Catalytic Twist‐Spun Yarns of Nitrogen‐Doped Carbon Nanotubes. Adv. Funct. Mater. 2011, 22, 

1069-1075. 



LLNL-JRNL-871113 Published in ACS Nano 2025, 19, 26031-26040 (10.1021/acsnano.5c06670) 

34 

(39) Shiessling, J.; Kjeldgaard, L.; Rohmund, F.; Falk, L. K. L.; Campbell, E. E. B.; Nordgren, 

J.; Bruhwiler, P. A. Synchrotron Radiation Study of the Electronic Structure of Multiwalled 

Carbon Nanotubes. J. Phys.: Condens. Matter 2003, 15, 6563-6579. 

(40) Wojdyr, M. Fityk: A General-purpose Peak Fitting Program. J. Appl. Crystallogr. 2010, 43, 

1126-1128. 

(41) Meshot, E. R.; Park, S. J.; Buchsbaum, S. F.; Jue, M. L.; Kuykendall, T. R.; Schaible, E.; 

Bayu Aji, L. B.; Kucheyev, S. O.; Wu, K. J. J.; Fornasiero, F. High-yield Growth Kinetics and 

Spatial Mapping of Single-walled Carbon Nanotube Forests at Wafer Scale. Carbon 2020, 159, 

236-246. 

 

  



LLNL-JRNL-871113 Published in ACS Nano 2025, 19, 26031-26040 (10.1021/acsnano.5c06670) 

35 

TOC 

 

 




