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Aligned carbon nanotube morphogenesis predicts
physical properties of their polymer
nanocomposites†

Bharath Natarajan, ‡§a,b Itai Y. Stein, §c,d Noa Lachman, c,e

Namiko Yamamoto, c,f Douglas S. Jacobs,d Renu Sharma, g

J. Alexander Liddle *g and Brian L. Wardle *c

Carbon nanostructure (CNS) based polymer nanocomposites (PNCs) are of interest due to the superior

properties of the CNS themselves, scale effects, and the ability to transfer these properties anisotropically

to the bulk material. However, measurements of physical properties of such materials are not in agreement

with theoretical predictions. Recently, the ability to characterize the 3D morphology of such PNCs at the

nanoscale has been significantly improved, with rich, quantitative data extracted from tomographic trans-

mission electron microscopy (TEM). In this work, we use new, nanoscale quantitative 3D morphological

information and stochastic modeling to re-interpret experimental measurements of continuous aligned

carbon nanotube (A-CNT) PNC properties as a function of A-CNT packing/volume fraction. The 3D tortu-

osity calculated from tomographic reconstructions and its evolution with volume fraction is used to

develop a novel definition of waviness that incorporates the stochastic nature of CNT growth. The impor-

tance of using randomly wavy CNTs to model these materials is validated by agreement between simulated

and previously-measured PNC elastic moduli. Secondary morphological descriptors such as CNT–CNT

junction density and inter-junction distances are measured for transport property predictions. The scaling

of the junction density with CNT volume fraction is observed to be non-linear, and this non-linearity is

identified as the primary reason behind the previously unexplained scaling of aligned-CNT PNC longitudinal

thermal conductivity. By contrast, the measured electrical conductivity scales linearly with volume fraction

as it is relatively insensitive to junction density beyond percolation. This result verifies prior hypotheses that

electrical conduction in such fully percolated and continuous CNT systems is dominated by the bulk resis-

tivity of the CNTs themselves. This combination of electron tomographic data and stochastic simulations is

a powerful method for establishing a predictive capability for nanocomposite structure–property relations,

making it an essential aid in understanding and tailoring the next-generation of advanced composites.

1. Introduction

Carbon nanostructures (CNSs), when paired with a polymeric
matrix, offer a hybrid material system that can be tailored for
many high-value applications in addition to being
sustainable,1–6 where both components could be derived from
naturally occurring precursors.7,8 For example, epoxy systems
reinforced with CNSs, such as graphene,9,10 graphene nano-
platelets (GNPs)10 and carbon nanotubes (CNTs),11 were
recently shown to have scale-dependent electrical, thermal,
and mechanical properties, making them leading candidates
for use in applications such as electronic skin, pressure
sensors, and protective films.12,13 However, the orders of mag-
nitude discrepancies between physical properties forecasted by
well-established theoretical models and the experimentally
observed material behavior means that the engineering design
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tools necessary for the commercial application of these next-
generation materials are lacking. Although previous studies
have shown that the mechanical, thermal, and electrical pro-
perties of CNS reinforced polymeric systems are sometimes
adequately described using constant intrinsic CNS properties
with, e.g., a rule-of-mixtures approach, such a simplification
may not be appropriate when the CNS morphology is altered
due to packing evolution. See Fig. 1A–C for plots illustrating
property and property prediction results for CNTs, graphene,
and GNPs at a variety of volume fractions, which indicate that
constant values for the elastic modulus and thermal and elec-
trical conductivities do not yield accurate performance projec-
tions when utilized in conjunction with rule of mixtures
(Fig. 1A and B) and percolation theory (Fig. 1C). These gaps
between predicted and measured material performance also
stem from the complete omission or overly simplistic descrip-
tion of the inherent morphology of these materials, particu-
larly how the morphology may evolve with volume fraction (Vf ).

Recent work on three-dimensional morphological
quantification45,46 and modeling of CNS reinforced
polymers47,48 has shown that a significant amount of stochas-
tically-varying local curvature is exhibited by the CNSs present

in the polymer matrix.45 These works also show that such
structural randomness leads to the formation of a large
number of van der Waals dominated junctions that may con-
tribute to the mechanical and transport properties of such
architectures. However, the formation of such junctions
cannot be natively described by the assumptions that domi-
nate previous theoretical frameworks, which primarily include
simple functional forms, whereas stochastic descriptions are
more representative of the kinetic and diffusive processes by
which CNSs are synthesized,5,49 e.g., CNTs via chemical vapor
deposition.50 See Fig. 1D for an illustration of the simple mor-
phological assumptions previously used to model an exemp-
lary aligned CNT system, in addition to the visualized three-
dimensional CNT topology and the stochastic descriptions
used herein. Further, while the number of junctions formed in
CNS architectures is strongly dependent on the CNS volume
fraction, very little is currently known about how the junction
density evolves with CNS packing proximity (i.e., Vf ).

3D descriptions of CNS morphologies in nanocomposites
have recently been provided using quantitative electron
tomography45,46 and small angle X-ray scattering.50

Specifically, we have developed an electron tomographic

Fig. 1 Measured properties of epoxy-based nanocomposites with randomly dispersed or aligned carbon nanotubes (CNTs) and other prevalent
carbon nanostructures (CNSs), i.e., graphene and graphene nano-platelets (GNPs) and morphology assumptions in property prediction tools for
A-PNCs: (A) Elastic modulus (E) scaling with CNS volume fraction (Vf ) for random and aligned CNTs,14–25 graphene,26 and GNPs.27 Fitting with a
rule-of-mixtures equation shown in the legend demonstrates that high Vf aligned CNTs exhibit the highest effective CNS modulus, Eo. (B) Thermal
conductivity (k) as a function of CNS Vf for random and aligned CNTs,28–32 graphene,33–37 and GNPs.27,31–33,38,39 Fitting with a rule-of-mixtures
equation in the legend demonstrates that graphene and GNPs exhibit the highest effective CNS thermal conductivity, ko, while the best overall
thermal conductivity k is measured for the highest Vf CNT nanocomposite. (C) Electrical conductivity (σ) as a function of CNS Vf for random and
aligned CNTs,30,40–42 graphene,27,43,44 and GNPs.38 Fitting with the power-law equation shown in the legend indicates that although CNT and gra-
phene composites can reach similar σ, since their effective CNS electrical conductivity, σo, is of similar magnitude, their percolation exponent (t ) can
vary significantly. (A)–(C) demonstrate that although CNT-based polymer nanocomposites could exhibit the best mechanical and transport pro-
perties of all the CNSs, precise morphological descriptors are needed to avoid orders of magnitude over- or under-prediction of resultant physical
properties. (D) Illustrations of the two commonly assumed morphologies of A-PNCs in comparison to the three-dimensional reconstruction and the
morphology generated according to such reconstructions using the current simulation framework.
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approach that permits the extraction and quantification of the
3D arrangement of aligned CNT forests embedded in a poly-
meric matrix (Fig. S1†).45 Morphological metrics describing
the network structure such as alignment, proximity, junction
density, and waviness may be obtained from the resultant digi-
tized reconstructions with nanometer resolution. Since
aligned CNTs exhibit the best combination of mechanical,
thermal, and electrical properties among the previously
studied CNS reinforced polymer systems (see Fig. 1A),17,29,42

and were also the subject of our recent experimental and com-
putational work on their three-dimensional morphology, this
system was selected to be the focus of the current study.

Here, we use newly available morphogenesis (evolution of
morphology with increasing Vf ) data from electron tomography
and stochastic simulations, to develop more representative
mechanical, thermal, and electrical property prediction tools
for aligned CNT polymer nanocomposites (A-PNCs) in direc-
tions that are both parallel and transverse to the CNT primary
axis. Firstly, using the tortuosity measured by 3D TEM, we
introduce a new 3D stochastic definition of waviness, which is
found to provide the best match to previously-measured
modulus data. We then establish the scaling of the CNT–CNT
junction density with CNT Vf. This scaling is used to shed
light on the dependence of transport properties on CNT
network structure and its evolution with Vf. We believe that the
structure–property correlations established here will provide
valuable insights into many other past and future results from
studies of similar nanocomposites and aligned CNT struc-
tures. More broadly, the findings reported herein are expected
to be generalizable to other CNS-PNC systems with well charac-
terized 3D morphology.

2. Results and discussion

The aligned-CNT (A-CNT) polymer nanocomposites in all the
previous studies cited here17,29,42 were fabricated identically.
Multiwalled carbon nanotube (MWCNT, (7.65 ± 0.87) nm in
diameter, (mean ± one standard deviation)) forests were grown
by thermal chemical vapor deposition. The volume fraction of
these MWCNTs in the as-grown forest was estimated to be
≈1%. The CNT forests were then released from the substrate,
densified perpendicular to the growth direction to various Vfs,
impregnated with an epoxy matrix via capillary action and
cured appropriately (Fig. S1e†). Further details of the A-PNC
fabrication process are described elsewhere.17,29,42 At all
volume fractions, the epoxy matrix is not measured to have
been modified by the presence of the A-CNTs, as studied via
wide-angle X-ray scattering (WAXS)51 and differential scattering
calorimetry (DSC).52 This is a critical and useful assumption in
this work as many polymers, particularly thermoplastics, have
strong process-nanostructure interactions causing the polymer
morphology and crystallization degree to alter, among other
effects.53–55 Statistically representative 3D reconstructions of
A-CNTs in the A-PNCs of ex situ Vfs of 1.00%, 5.00%, 6.00%
and 11.70%, estimated from the change in volume of the

forests before epoxy infiltration, were obtained using electron
tomography as described earlier (Fig. S1a–d†).45 The recon-
structions were quantified to obtain pertinent morphological
data via 3D image analysis.45 This morphological data (Vf, CNT
proximity and waviness/tortuosity) is required to build analyti-
cal models of the A-PNCs for stochastic simulations.

Our imaging method enables, for the first time, the accu-
rate measurement of A-CNT Vf in the nanocomposites (nomin-
ally the in situ Vf ), among other quantitative features.45

Comparing the ex situ and in situ Vfs we observe that polymer
impregnation into the porous A-CNT forest causes it to expand
laterally (normal to the alignment axis), resulting in a lower Vf
than that estimated post densification (in situ Vfs of (0.44 ±
0.01) %, (2.58 ± 0.25) %, (4.04 ± 0.19) %, (6.89 ± 0.43) %,
ex situ Vfs of 1.00%, 5.00%, 6.00% and 11.70%, respectively).
From the plot of in situ composite Vf versus the ex situ Vf of the
densified starting material (Fig. S1f†), we find that a corrective
factor of 0.59 can be applied to all the Vf values reported
earlier,17,29,42 which did not account for the polymer-induced
expansion. The inter-CNT spacings or CNT proximity (Γ) is the
second morphological factor and can be readily calculated
from the tomography data (Fig. S2†). With increased Vf we
observe a non-linear reduction in Γ, which is in excellent
agreement with the trends observed in the data obtained from
SEM images of as-grown densified CNT arrays (Fig. S2†).56 As
suggested by Stein et al., the mean spacings take the form:

ΓðVfÞ � δ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:9069
Vf

r
� 1

� �
ð1Þ

where δ is representative of the average coordination number
of the CNTs from the volume.56 We note that unlike prior 1D
measurements made using SEM, our automated measure-
ments, which sample large volumes of data, allow for more
statistically significant characterization of the Γ distribution.
The calculated distributions are observed to be increasingly
monodisperse with increasing Vf (Fig. S2†). Further, these dis-
tributions also suggest that the CNT packing density is
spatially variant, particularly at lower Vfs.

3D tortuosity of the CNTs, the third morphological factor,
is key to stochastic simulations of morphology and can also be
quantified from our tomography data. From the skeletonized
3D volumes of the 4 different Vf A-PNCs studied (ex situ Vfs of
1.00%, 5.00%, 6.00% and 11.70%), we extract tube arc length
(l) to Euclidean distance (d ) ratios i.e., tortuosity (l/d ), for tube
segments in the tomographic volume whose lengths are at
least 10 times larger than the diameter of the CNTs (7.65 nm)
(Fig. S3a†). The segments have to be at least of this length in
order for us to extract a meaningful, representative waviness.
We observe the 3D tortuosity to decrease with increasing Vf,
suggesting a straightening of CNTs due to increased confine-
ment (Fig. S3b†). However, the tortuosity measured here does
not explicitly capture the nature or functional form of wavi-
ness, which is also an essential morphological descriptor. The
waviness of CNTs has been previously described using simple
sinusoidal and helical functions that neglect the stochastic
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nature of CNT growth.57,58 Here, we employ our novel defi-
nition of waviness, which provides a more realistic representa-
tion CNT morphology in the form of a “random” helical func-
tion. The usual waviness ratio (w) is a scalar measure of wavi-
ness that is typically defined as the amplitude over the wave-
length of the chosen waviness function. For the random
helical definition this ratio is modified by a pre-factor as
described in other work.47,59 Depending on the assumed geo-
metry (i.e. sinusoidal/helical/randomly helical), the 3D tortuos-
ity for a given w will vary drastically. The tortuosity versus w
plot in Fig. 2B shows how the tortuosity may be converted to
an analytical/deterministic waviness (i.e. w) and vice versa.48

Using the 3D morphology data, we first consider the elastic
modulus of the A-PNCs.

2.1 Mechanical properties

The axial and transverse/lateral elastic moduli of these A-PNCs
measured by Handlin et al.17 are plotted as a function of Vf in
Fig. 2C. The in situ Vfs shown here are corrected for volumetric
expansion during polymer infiltration (previously-reported
ex situ Vf × 0.59). Despite the correction, the measured elastic
moduli are found to be an order of magnitude smaller than
expected based on simple rule-of-mixtures calculations (see
Fig. 1A). For example, at 12.00 vol% CNTs, the expected com-
posite modulus is ≈60.0 GPa for a conservative CNT modulus
of ≈500 GPa. However, the measured value is 6.4 GPa. In prior
work it has been demonstrated that CNT waviness is the
primary cause of this reduction.17,57 Indeed, pre-straining of
CNT films to reduce waviness has been found to yield signifi-
cantly higher elastic modulus values.21 Reciprocally, the
modulus of the reinforcing CNT phase (Eo) i.e., the contri-
bution of the CNT to the modulus of the nanocomposite, may
be thought of as reducing with increasing waviness. It is poss-
ible to calculate the CNT reinforcement modulus, Eo, and its
evolution as a function of waviness using our simulations,47

where each CNT is represented as a series of discrete nodes
(Fig. 2A and Fig. S4a†). To apply the appropriate waviness to
the CNTs, the displacement of each node relative to the node
that precedes it in the x–y plane, is evaluated using the ampli-
tude and wavelength. Stochastic waviness is achieved by using
2 Gaussian distributions to independently evaluate displace-
ments in the lateral directions (x–y). Looking in the axial direc-
tion (z) we observe that this is essentially a two-dimensional
random walk of a helically wavy CNT (Fig. S4a†). Our simu-
lations are run on large ensembles of these CNTs (Fig. 1D and
Fig. S4a†), at the requisite Vfs, to get a statistically representa-
tive reinforcement modulus for the system. The simulated data
for the random helical system is shown in the plot of reinforce-
ment modulus (Ef ) versus waviness ratio in Fig. S4b,† where we
observe Ef to decrease with increasing waviness. We note that
larger ratios between the CNT (Y) and matrix moduli (Em)
result in larger reductions in Ef (Fig. S4b†).

Most prior studies have employed a constant waviness ratio
to fit moduli measured over a range of Vfs, which leads to a
strong under- or over-estimation of the elastic modulus
depending on the Vf at which the waviness was measured.
Since waviness changes with the Vf

45,60 – decreasing at higher
Vfs due to increased crowding – a careful study of the evolution
of waviness with CNT packing is essential to interpret the
complex dependence of the modulus on Vf. Using the
measured trend in waviness with Vf (Fig. S3†), we generate
sinusoidal, helical and randomly helical CNT morphologies at
the Vfs studied by Handlin et al.17 The reinforcement modulus
of these CNTs (Ef ) at various Vfs is measured using our simu-
lation technique47 and inserted into the rule-of-mixtures
formula (EA-PNC = Vf × Ef + (1 − Vf ) × EMatrix) to estimate the
composite elastic modulus. From Fig. S5,† we note that,
despite accounting for the change in waviness with Vf, the
sinusoidal and helical assumptions strongly underestimate the
A-PNC properties. This indicates that such simplistic defi-

Fig. 2 Deformation modes, morphological descriptors, and modulus modeling: (A) Illustration of the dominant physical mechanisms for CNT
mechanical response. (B) Plot of tortuosity versus the analytical waviness ratio (w) for sinusoidal, helical and random helical formulations of wavi-
ness.48 The shaded region represents the range of tortuosity (τ) values calculated from tomography data. (C) Elastic modulus (E) of A-PNCs in the
longitudinal (||, parallel to CNT alignment) and transverse (⊥, perpendicular to CNT alignment) directions, and the respective model predictions, as a
function of the in situ CNT volume fraction Vf and accounting for morphology evolution. E scaling for A-PNCs shows that higher Vf mediated wavi-
ness reduction leads to significant enhancement in the E previously measured17 in the parallel (||) direction, whereas the perpendicular (⊥) direction
sees little benefit with higher Vf.
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nitions of waviness are inadequate in describing the mechani-
cal performance of these systems (see discussion in Fig. S5†).
Remarkably, the random helical definition, which is the first
to account for the stochastic CNT morphology, provides the
best match to the measured nanocomposite modulus (Fig. 2B
and Fig. S5†). This result strongly supports the need to expli-
citly consider the stochastic nature of CNT morphology, and
its evolution with increased crowding.

We note that the model CNT ensembles generated using
the 3 primary structural descriptors (Vf, proximity and wavi-
ness/tortuosity) obtained by tomography, also show agreement
with secondary or derivative structural features such as
CNT–CNT junction density (NJ) and the average distance
between nearest contact points (ξ) (Fig. 3). This agreement
further validates the random helical formulation developed
herein. We obtain NJ (m

−3) by skeletonizing the reconstructed

3D volumes (Fig. S1 and S6†) and tallying the number of CNT–
CNT contacts i.e., branches in the skeletonized structures
(Fig. 3A).61 We find that, as the CNTs are brought closer, the
short range van der Waals attractions cause them to cluster,45

causing a non-linear increase in NJ, best fit by a power law
equation, NJ (m−3) = 3 × 1021 Vf

1.5. NJ increases by nearly
two orders of magnitude ((7.24 ± 1.13) × 1020 m−3 to ((5.38 ±
0.63) × 1022 m−3) for an order of magnitude increase in in situ
Vf ((0.44 ± 0.01) % to (6.89 ± 0.43) %) (Fig. 3B). We note that
these experimentally measured NJ values are in good agree-
ment (in the order of magnitude, ∼1022 m−3) with earlier com-
putational calculations of NJ in CNT films.62 However, these
calculations predict a quadratic dependence of NJ on Vf
whereas our data shows NJ ∼ Vf

1.5. That said, the earlier work
simplistically assumed that CNTs are rigid rod-like objects,
whereas they are only stiff along the local plane of the CNT
wall, and rather overall compliant due to shear and bending
modes (see Fig. 2A).62,63 On the other hand, here we have real
estimates from high quality tomography data. The average dis-
tance between nearest contact points (ξ) may also be readily
calculated from NJ using:

62

ξ ¼ 8Vf

NJπd2
ð2Þ

where d is the average outer diameter of the CNTs = (7.65 ±
0.87) nm.45 Eqn (2) makes the usual geometric assumption
that in aligned arrays, the area fraction of CNTs (in a plane per-
pendicular to the CNT axes) is equal to Vf. From eqn (2), we
note that if NJ indeed scaled linearly with Vf, ξ would be a con-
stant. However, ξ exhibits an inverse power law dependence on
Vf (ξ ∼ Vf

−0.5, Fig. 3B) that is much weaker than the inverse
scaling predicted for randomly contacting uncorrelated rods,62

but consistent with the scaling predictions for diffusion-
limited networks of semi-dilute elongated macromolecules
predicted by de Gennes and coworkers (ξ ∼ Vf

−0.5).64,65

We now turn our attention to the transport properties
(thermal and electrical conductivity) of the A-PNCs utilizing
the junction density and distance quantification discussed
above.

2.2 Thermal properties

A-PNCs have been proposed as candidate materials for
thermal interfaces and thermoelectric power devices, owing to
the excellent thermal properties of CNTs.66,67 These compo-
sites have been found to possess some of the highest thermal
conductivities, in particular compared to randomly-oriented
CNT dispersions.29 However, Marconnet et al.,29 like many
others before,68,69 observed the axial thermal conductivity of
the CNT arrays and resultant nanocomposites to fall far short
of what would be expected from a pristine CNT with a modest
thermal conductivity of 1000 W m−1 K−1 (Fig. 4B).70 They also
found the axial composite thermal conductivity to increase
non-linearly with increased Vf, indicating that the simple
model of parallel CNTs conducting heat within the matrix is
unsupported. Additionally, they observed the anisotropy to

Fig. 3 Effects of mechanical densification on the morphology of
A-PNCs. (A) Three-dimensional rendering of the packing morphology of
the CNTs that comprise A-PNCs showing that although randomness and
waviness is reduced as the volume fraction (Vf ) increases, the CNTs
retain non-negligible local curvature. (B) Scaling of the junction density
and average junction separation as a function of Vf extracted from the
three-dimensional reconstructions of A-PNCs showing close agreement
with the random-helical simulation results.
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increase at higher CNT Vf i.e., the axial thermal conductivity
increased more rapidly than the transverse thermal conduc-
tivity with increased Vf. In the absence of any variation in the
intrinsic CNT properties with densification (invariant ID/IG
ratios ∼0.7 and diameter), the authors speculated that the
reduced thermal conductivity, as well as most of the non-line-
arity, is caused by the interaction between CNTs and between
the CNT and the polymer. They also suggested that any model
explaining the dependence of thermal conductivity on CNT Vf
should include the Vf effect on other morphological factors.
Our recent imaging methodology facilitates this investigation.45

We plot the thermal conductivity values (k) reported in
Marconnet et al. against the corresponding corrected, or in situ
Vfs, (Fig. 4B).29 We find that the best approximation to the
trend in the corrected data is given by (k − km) = (115 ± 17)
(W m−1 K−1) Vf

1.56, as opposed to (k − km) = 73 (W m−1 K−1)
Vf

1.72, suggested in the original paper (Fig. S7a†).29 The
increase in the prefactor in this relationship suggests a stron-
ger contribution of the CNTs to conduction than originally cal-
culated.29 While the power-law dependence might appear
similar to percolation behavior, we note that such scaling at
the high CNT loadings investigated here has been found to be
due to network characteristics dominated by CNT–CNT
contact resistance.63 Marconnet et al. speculated, in accord-

ance with previous findings, that the upward concave trend in
the data was indicative that the number density of CNT–CNT
contacts (NJ) was increasing (although the nature of this
increase was then unclear). Now that CNT–CNT contact
density can be quantified, it appears that the scaling of NJ with
Vf (NJ ∼ Vf

1.50) in our tomography data (Fig. 4C) is identical to
the thermal conductivity power law behavior (k ∼ Vf

1.50) in the
corrected property data, which validates the original interpret-
ation of the data. Additionally, in the plot of the thermal con-
ductivity enhancement versus the estimated NJ for the cor-
rected Vfs in Marconnet et al., we observe a close-to-linear
dependence (discounting the clear outlier indicated by red
data point in Fig. S7b†). Indeed, the CNT networks, growing
and interconnecting with the increased Vf, act as “heat pipes”
throughout the composite, thus increasing thermal conduc-
tivity as their cross-sectional area contribution to the nano-
composite increases with Vf.

From our tomography data we are able to provide the first
quantitative support to hypotheses linking morphological
changes and the non-linear increase in thermal conductivity
in aligned CNT composites. While it is possible for other
sources of non-linearity to exist (see details in ESI, Fig. S8 and
S9†), the 3D data reveals that the primary source of non-linear-
ity is the non-linearly increasing density of CNT–CNT contacts

Fig. 4 Transport properties of A-PNCs in || and ⊥ directions, and the respective morphological model predictions, as a function of the CNT volume
fraction (Vf ). (A) Illustration of exemplary A-PNC morphology along with the potential physical mechanisms for each material property. (B) Thermal
conductivity (k) evolution for A-PNCs illustrating that the increases previously observed in k are directly proportional to the changes in junction
density (NJ). Here k|| ≈ (115 ± 17) W m−1 K−1, and that k⊥ ≈ (35 ± 5) W m−1 K−1. (C) Electrical conductivity (σ) for A-PNCs illustrating that σ increases
with Vf at a scaling of σ ∝ (NJ)

0.5.
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with Vf. A natural conclusion from this newly exposed data is
that, contrary to the original interpretation, in order to
increase the thermal conductivity in a realistic system, with
imperfect alignment and continuity, the number of CNT–CNT
contacts needs to be maximized, as it provides more axial path-
ways for phonon transport. These findings further emphasize
the importance of network visualization, and allow for better
understanding of the origin and limitations on A-PNC thermal
conductivity.

2.3 Electrical properties

The excellent axial electrical properties of CNTs make aligned
CNT structures and their composites ideal candidates for flex-
ible conductors, tactile displays and sensors.5,71–76 We briefly
discuss previously unpublished electrical conductivity data in
light of the new tomography results. Re-plotting the electrical
conductivity (σ) versus the correct in situ Vfs (Fig. 4C), reveals a
stronger contribution of CNTs to conduction than originally
presumed. However, unlike in the case of thermal conduc-
tivity, which scales linearly with NJ (i.e., k ∼ Vf

3/2), the electrical
conductivities are found to exhibit a weak (NJ)

0.5 scaling (i.e.,
σ ∼ Vf

3/4). Such scaling of electrical conductivity with NJ was
recently reported for nanowire networks,77,78 and previous
studies on continuous aligned CNT composites have reported
similar σ scaling with Vf that is approximately linear in
nature.22,24,79,80 This observation is in contrast with the percola-
tion-like scaling of (σ ∼ Vf

2) commonly observed in randomly
dispersed CNT composites.81 This is because A-PNCs are always
beyond percolation axially as the CNTs are continuous. Further,
the data also shows the same to be true transversely. Keblinski
et al. suggest that this linear scaling at volume fractions well
above percolation may be due to the bulk resistivity dominated
conduction, as opposed to contact resistance based conduction
(seen with thermal transport in continuous composites and
electrical transport in randomly dispersed CNT composites).63

In such electrical conduction, the non-linear increase in the
contact density does not play a significant role since the con-
duction is dependent on the concentration of bulk conductors,
i.e., the number of parallel pathways between the electrodes,
which is proportional to the Vf.

63 The additional CNT–CNT
junctions do not play a significant role in conduction. These
results indicate that the various relevant physical properties of
A-PNCs are sensitive to the evolution of morphological features
to varying degrees. Our novel characterization of the scaling of
properties with changing structure provides a basis for the
optimization and design of multifunctional A-PNC properties.

3. Conclusions

Using the newly-acquired high-resolution 3D imaging to re-
visit previous experimental results has allowed for better
understanding of A-CNT based PNC behavior. Previous
interpretations have been strongly validated in some cases,
and significantly modified in others, based on the new nano-
scale, quantitative, morphological data. All the properties con-

sidered (thermal, electrical, mechanical) depend to varying
degrees on Vf, and the 3D data corrects the prior ex situ assess-
ments (based on densified volume considerations) to in situ
ones. CNT waviness, strongly dependent on Vf, is a significant
factor in reducing observed modulus trends compared to
moduli predicted by simulations and computational modeling
work elsewhere.47,59 Most importantly, the stochastic nature of
CNT morphology must be accounted for in modeling the
mechanical properties. CNT–CNT network connections (and the
continuous CNT length between connections) play a dominant
role in thermal transport; and since they increase non-linearly
with CNT Vf, thermal conductivity should, and indeed does seem
to follow this trend. The electrical conductivity, on the other
hand, is found to weakly scale with junction density, thereby
suggesting that electron conduction in A-CNT nanocomposites
well beyond percolation is volume-resistivity dominated, rather
than by the increased participation of CNT junctions. These
understandings, made possible only due to the new 3D data, can
now make PNC tailoring smarter, and more efficient.
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1. Tomography and Image Analysis

1.1. 3D Reconstruction/Volume Fraction

The morphological information from tomographic TEM referenced in the main text is provided in 

Figures S1, S2, and S3.

Figure S1. Volume-rendered reconstructions of (a) (0.44 ± 0.01) %, (b) (2.58 ± 0.25) %, (c) (4.04 ± 
0.19) %, (d) (6.89 ± 0.43) % in situ Vf of A-CNT polymer nanocomposites (A-PNCs). The size of 
reconstructed volumes are: (a) 969 nm × 952 nm × 324 nm (b) 850 nm × 840 nm × 152 nm (c) 848 
nm × 836 nm × 177 nm and (d) 764 nm × 841 nm × 211 nm.1 (e) (L to R) Images of neat epoxy 
(orange color), (0.44 ± 0.01) % and (6.89 ± 0.43) in situ Vf A-PNCs (black color) embedded in epoxy 
(f) Plot of the in-situ Vf versus as-densified ex situ Vf for the four Vfs of aligned-CNT 
nanocomposites shown in (a)-(d). Dashed line represents a straight line fit to the data. The 
uncertainties, which represent one standard deviation in measurements of 3 samples per 
nanocomposite Vf, are not visible as the error bars are smaller than the datapoints. 



1.2 CNT-CNT Proximity

Figure S2. Average CNT-CNT spacing and junction distances from tomographic TEM data and 
reconstructions: (a) Volume rendered reconstruction of representative (0.44 ± 0.01) %Vf sample, 
with typical cross-sectional XZ slice indicated. The centroids of the CNT cross-sections from every 
XZ slice in the reconstructed volume are obtained by particle analysis on ImageJ and stored along 
with the slice number. The inter-centroid distances are then calculated using Delaunay 
triangulation.1 The angle corrected average centroid distance minus the diameter of the CNTs is 
taken to be the average inter-CNT spacing () for the sample. (b) Average inter-CNT spacing (, 
nm) calculated from tomographic reconstructions of aligned CNT composites (■, uncertainties 
represent one standard deviation in measurements of 3 samples per nanocomposite Vf) and from 
SEM images of densified forests (●, uncertainties as indicated by Stein et. al.2,3) versus in situ Vf. 
(c) Representative histograms (binned by Freedman-Diaconis rule) of inter-CNT spacing 
measured from volumes shown in Figure S1, fit with log-normal distributions. 



1.3 Waviness

Figure S3. A-CNT tortuosity and waviness: (a) Illustration of CNTs with varying degrees of 
tortuosity (l/d) (b) Tortuosity plotted versus the in situ volume fraction (%). (d)  2D waviness ratio 
calculated from tomographic reconstruction of A-CNT composites (■, uncertainties represent 
one standard deviation in measurements of 3 samples per composite Vf) and SEM images of 
densified forests (●) versus the Vf. 

The 2D CNT waviness in Figure S3d, defined as the ratio of the amplitude to the wavelength 

 of a sinusoidal function of the form  (where a is the amplitude) may be (𝑤 = 𝑎/2𝜋) 𝑦 = 𝑎 𝑐𝑜𝑠𝑥

obtained from the tortuosity as below. 



𝜋

𝜋
𝜋/2

∫
‒ 𝜋/2

1 + 𝑎2𝑠𝑖𝑛2(𝑥) 𝑑𝑥

=  
𝑙
𝑑 (S1)

Although the 2D waviness is in general agreement with those measured from SEM images of as-

grown forests (wforest) in prior work, we find the values measured from polymer infiltrated 

composites (wcomposite) to be much lower (e.g., at 4 vol %, wcomposite = 0.169 and wforest = 0.283;  

wforest at 18 vol % ~ wcomposite at 0.44% ~ 0.185),4 further highlighting the need for in situ 

assessments of the CNT morphology as done here even in a simple and well-controlled PNC 

fabrication process as used in processing the A-CNTs via RTM6 epoxy infiltration to A-PNCs. We 

surmise that stresses applied by the epoxy matrix during infiltration (capillary-assisted wetting, 

or wicking) and curing are responsible for this partial “ironing out” of the waviness. The trends in 

waviness (w) with Vf for the random helical system was found to follow the equation: Ʌ(a1(Vf)
b1 

+ c1 ± c2), where a1 = -0.04967, b1 = 0.3646, c1 = 0.2012, and c2 = 0.008, and Ʌ was evaluated to 

be 0.68 ± 0.04. 5

A-PNC modeling results are shown in Figures S4 and S5 to supplement the mechanical modeling 

discussion in the main text; similarly, Figure S7 for thermal and electrical conduction.



2. Properties

2.1 Mechanical Properties

Figure S4. A-PNC random helical morphology and predicted CNT reinforcement modulus, after 
[5]: (a) Illustration showing top view of representative random helical CNT from a typical A-CNT 
ensemble employed in simulations (c) Plot of CNT reinforcement modulus (Eo) versus the 
waviness ratio (w) for various CNT modulus (Y = 1000 GPa) to matrix modulus (Em) ratios after 
[6]. 



Figure S5. Plot of A-PNC modulus from Handlin et al.4 versus in situ CNT Vf, with predictions from 
sinusoidal, helical and random helical waviness formulations shown. The under-prediction of 
properties by the sinusoidal and helical models is most likely because these idealized 
formulations overlook the stochastic mechanisms that lead to CNT waviness during growth and 
polymer infiltration.  In reality there is significant nanoscopic surface roughness and CNT wall 
perturbation, which are only captured via the 'random' helical definition of the waviness.7,8 



2.2 Transport Properties

Figure S6. Volume-rendered reconstructions of (a) (0.44 ± 0.01) % and (b) (6.89 ± 0.43) in situ Vf 
of A-PNCs shown in Figure S1. The CNT-CNT junctions are highlighted by white dots to visualize 
the increase in junction density with Vf. 



Figure S7. A-PNC axial thermal conductivity enhancements over neat epoxy, measured from the 
A-PNC samples studied in Marconnet et al. versus: (a) the originally reported using ex situ (■) and 
corrected or in situ (■) Vffs (The dashed lines represent the power-law fits to the data) (b) the 
estimated CNT-CNT junction density (NJ, m-3), showing linear scaling. Uncertainties indicated are 
standard deviations as measured by Marconnet et. al.9 



2.3 Discussion on alternate sources of thermal conduction in A-PNCs:

We note that the dependence of thermal conductivity on CNT-CNT contact density discussed in 

the main text may only be true under certain conditions.10,11 Computational studies suggest that 

the thermal boundary resistance (TBR) between a CNT and polymer has to be low (~ 10-8 to 10-9 

m2K/W), particularly in the transverse conduction orientation, compared to the resistance of the 

matrix.10,12 Shenogina et al. find that at relatively high TBRs, the heat dissipation between tubes 

in contact and at separations up to 100 nm are identical due to thermal shielding by the matrix.11 

 For similar reasons, Duong et al. observe the transverse thermal conductivity in A-CNT 

nanocomposites to be larger than the matrix only at low TBRs.10 Since Marconnet et al. 

demonstrate a relatively small increase in the transverse conductivity in these systems, we 

deduce that the CNT-matrix TBRs are indeed relatively low here. While a low TBR is a necessary 

condition, it is not sufficient.  The increasing trend in the thermal conductivity versus NJ plot also 

supposes that the CNT-CNT TBR is comparable to or smaller than the CNT-polymer TBR. 

Experimental work finds the area-normalized contact thermal resistance between aligned CNTs 

to be on the order of 10-9 m2K/W at room temperature,13 indicating that the necessary and 

sufficient conditions for the positive effect of CNT-CNT contacts are likely to have been met in 

the nanocomposites studied here comprised of multi-walled A-CNTs and an epoxy matrix. With 

the new morphological information presented here, future work to calculate the CNT-CNT and 

CNT-polymer TBRs is enabled. The 3D morphological data provides further insight into 

morphological features needed for such modeling.



Ensemble measurements on long CNT arrays have shown variations in the CNT alignment and 

network structure along the height of the array.14 Furthermore, these studies note that CNTs may 

fail to traverse the entire thickness of the array,14 (or to extend to the surface of the polymer) 

leading to poor engagement with the source and sink.  Since these systems lack perfect alignment 

and likely continuity, the increased clustering with Vf also leads to an increased participation of 

“lost” CNTs in transport phenomena and therefore higher thermal conductivities. From 3D object 

counting,15 we find that the volume fraction of the most prominent bundle increases relatively 

linearly with the Vf increase at first, but that the CNTs merge into large clusters (occupying > 40 % 

of the CNT volume) as the total Vf increases beyond 4 % (Figure S8a-d). Assuming that, at the 

theoretical packing limit of 83.45 %, the largest bundle volume fraction equals the total volume 

fraction,2 we fit a 4 parameter asymmetric growth function through the plot of Vf of most 

prominent network versus the measured Vf  ( )  in Figure S8e. This fit 
𝑦 = 1.453(1 ‒ 1/(1 + (

𝑥
70.49

)1.69

captures the slow bundling of CNTs at low Vf s, the rapid increase in the rate of bundle formation 

beyond 4%, and the slowing of the same process when CNT spacings are smaller than or 

comparable to CNT diameters (Figure S8e, inset). We employ this function to estimate the Vfs of 

the most prominent network for the corrected volume fractions in Marconnet et al.’s data. Again, 

we observe a nearly linear trend in our plot of thermal conductivity enhancement versus the Vf 

of the most prominent network, suggesting that the non-linear increase in the engagement of 

CNTs in conduction leads in part to the non-linearity in the measured thermal property data 

(Figure 4f).  We note that this parameter might implicitly account for the effects of CNT contacts. 



Another potentially influential factor causing the non-linearity is the improvement in the 

alignment quality of the CNT arrays with densification. The increase in CNT alignment has been 

theoretically and experimentally found to decrease CNT-CNT contact resistance due to the 

increase in contact area going from a cross contact to an aligned contact: CNTs crossing at 90̊ 

were determined to have 2 orders of magnitude larger resistance than parallel CNTs in 

contact.13,16  The new TEM 3D reconstructions allow us to determine the structure tensors of the 

individual CNTs, and quantify the distribution around the CNT’s mean alignment (regardless of 

the specimen alignment, Figure S9a-d).17 From this data, we find that the degree of alignment 

improves with increasing Vf due to the increased spatial restriction imposed by 

bundling/clustering. This improvement is shown in the plot of angular dispersion (one standard 

deviation in the distribution of orientations about the mean) versus in situ Vf (Figure S9e). We 

observe a steady decrease in dispersion of orientations with increasing Vf, suggesting that a 

higher percentage of contacts are between CNTs crossing at low angles, which could lead to 

improved transport through CNT junctions. While in the lateral direction this improved alignment 

is not of particular importance,12 along the CNT axis the CNT resistance could drop significantly, 

thereby explaining why anisotropy increases with Vf. 



Figure S8. Analysis of bundling and other morphological descriptors contributing to non-linear 
thermal conductivity increase with in situ Vf of A-CNTs in A-PCNs: Connectivity-analyzed 3D 
visualizations of (a) 0.44 % (b) 2.6 % (c) 4 % and (d) 6.9 % in situ Vf of A-PNCs obtained from 
sample volumes shown in Figure 1, with individual clusters labeled according to the adjacent 
color scale. The units on the scale represent the fraction of CNT in situ Vf occupied by individual 
bundles. As is evident, at loadings above 4 % the CNTs cluster into larger bundles. (e) the 
volume fraction of the most prominent network versus the in situ Vf for the four Vfs of aligned-
CNT nanocomposites studied here. The inset shows the fit through the data with limits at 83.45 
%. The uncertainties represent one standard deviation in measurements of 3 samples per 
composite Vf. and (c) the volume fraction of the most prominent network. (f) A-PNC axial 
thermal conductivity enhancements over neat epoxy, measured from the A-PNC samples 
studied in Marconnet et al. versus the estimated Vf of the most prominent bundle.



Figure S9. Color-coded orientation analysis of (a) 0.44 % and (b) 6.9% CNT, respectively. (c) and 
(d) – plotted frequency versus orientation of the volumes in (a) and (b), respectively. (f) Angular 
Dispersion (°) versus the in situ Vf. The uncertainties represent one standard deviation in 
measurements of 3 samples per composite Vf.
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