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Abstract

Structural health monitoring (SHM) of safety-critical composite compo-

nents is essential to ensure mechanical stasis and detect local damage before

it can produce global failure. SHM technologies must also adapt to ever-

evolving materials and geometries, but traditional piezoresistive strain sen-

sors lack the ability for end-user customization and modifications throughout

service-life. Additive manufacturing via fused filament fabrication (FFF) pro-

vides a practical pathway to overcome such sensor shortcomings. However,

the electrical conductivity of conventional polymer feedstock is not sufficient

for accurate strain measurements without compromise to melt viscosity and

thus printability. Here we report the development of a new 3D-printable
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and electrically responsive nanocomposite by melt-mixing poly(ethylene-co-

methacrylic acid) (EMAA) with multi-walled carbon nanotubes (MWCNT).

Bulk electrical conductivity of 43.9 S.m−1 is achieved at only 5 wt% loading –

higher than comparable materials – where the nano-dispersion heterogeneity

of MWCNT in EMAA is linked to the favorable conductivity while retaining

molten flowability. FFF is employed to print thin (150 µm) serpentine strain

sensors onto the surface of a glass fiber-reinforced polymer composite, which

exhibit strong adhesion and accurate piezoresistive sensing under cyclic flex-

ural loading. Twenty consecutive cycles with converged sensor readings (i.e.,

< 1% variation in measured resistance) demonstrates reliable performance

across a relevant service strain range (0.4 - 0.8 %) for such fiber-composites.

This rapid fabrication and transferable sensing strategy, suitable for new and

existing structures, thus provides a crosscutting SHM solution.

Keywords: additive manufacturing, multi-walled carbon nanotubes,

piezoresistivity, fiber-reinforced polymer composite, structural health

monitoring.

1. Introduction

Electrically conductive polymer composites (CPCs) generally consist of

one or more polymer matrices blended with electrically conductive fillers.

CPCs have been studied for decades, owing to their industrial potential for

electromagnetic interference (EMI) shielding [1, 2, 3], static charge dissipa-

tion [4, 5], and strain sensing [6, 7]. Recent CPC-enabled strain sensing

applications include body motion detection [6, 8] and structural health mon-

itoring [7, 9] in the form of piezoresistive sensing [10, 11]. Piezoresistive
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sensors operate via the change of their base electrical resistance in response

to applied mechanical deformation, where sensitivity to applied strain is di-

rectly governed by the CPC’s electrical resistance or conductivity [8, 12].

CPC polymer matrices (thermoplastics/thermosets) are generally electri-

cal insulators whose conductivity can be raised significantly via addition of

carbon-based micro or nano conductive fillers, (e.g., graphene nanoplatelets

[13, 14, 15], carbon black [16, 17], carbon nanotubes [18, 19, 20, 21]), or

metallic particles (e.g., silver particles [22, 23] or silver coated nanofibers

[24]). Various methods of filler integration into thermoplastics have been

reported, including solution casting [25], melt-mixing [26], and in situ poly-

merization [27]. Melt-mixing is preferred, as it is environmentally friendly,

(i.e., solvent free), and relatively easy to scale for industrial production [28].

Nevertheless, achieving high electrical conductivity in CPCs without signif-

icant detriment to mechanical properties, processing flexibility, and cost is

challenging [29]. Compared to carbon materials, superior electrical conduc-

tivities (i.e., > 2.1 x 105 S.m−1) can be obtained using metallic fillers [30].

However, metal-filled composites require higher filler loadings (> 50 wt% or

> 10 vol%) to reach comparable conductivity values, which results in poor

processability whereby impeding their use in many applications [31].

Fig. 1 illustrates the range of CPC electrical conductivities achieved

to date via melt-mixing polymer matrices with different carbon-based fillers:

carbon nanotubes (CNTs), carbon black (CB), graphene nanoplatelets (GNP),

or a blend of fillers. Electrical conductivities exceeding 100 S.m−1 have
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proven difficult to realize, especially for CB and GNP due to their low aspect

ratios (i.e., length/diameter: L/D) [4] and thus limited potential to form

physical networks without high loading percentages. Electrical percolation

thresholds of up to 30 wt% have been reported for carbon black, thus requir-

ing a significant proportion of fillers to transform the polymer host from an

insulator to a CPC [4, 32]. Conversely, CPCs with high aspect ratio fillers

(L/D ≥ 100), i.e., multi-walled carbon nanotubes (MWCNT), typically have

lower percolation thresholds and higher electrical conductivities (for a given

loading) due to their ability to form a more extensive physical network [33].

Melt-mixing of MWCNT with different thermoplastic matrices has been

reported, including polylactic acid (PLA) [34], polystyrene (PS) [2], polypropy-

lene (PP) [35], polycarbonate (PC) [36], polyvinylidene fluoride (PVDF) [36],

and low density polyethylene (LDPE) [37]. Additionally, the use of immisci-

ble polymer blends as a matrix has enabled high conductivity at relatively low

MWCNT loadings via selective filler segregation and overall reduction in per-

colation thresholds [1, 38, 22]. PLA/PP polymer blends have been fabricated

through melt-mixing and compression to achieve ∼ 10 S.m−1 conductivity at

10 wt% MWCNT loading [39]. Polyethylene terephthalate (PET) and LDPE

blends melt-mixed with 5 wt% MWCNT have only shown conductivity up to

1 S.m−1 [40]. Studies of CPCs using alternative copolymer matrices includ-

ing poly(ethylene-co-methacrylic acid) (EMAA), to date, are limited. EMAA

has commercial presence as a packaging material due to chemical resistance

and excellent adhesion [41], in addition to favorable processing properties,

i.e., low melt viscosity. One study of pyridine-modified EMAA melt-mixed
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Figure 1: Property map for melt-mixed CPC electrical conductivity per weight loading of

carbon-based fillers: carbon nanotubes (CNT), carbon black (CB), graphene nanoplatelets

(GNP) and blends thereof. Details for each data point and the associated literature

reference are provided in Table S1.

with MWCNT showed a relatively low percolation threshold of 1.9 wt%, but

exhibited an electrical conductivity of only 2.85 x 10−4 S.m−1 [42].

The electrical conductivity of melt-mixed MWCNT CPCs can be affected

by the matrix microstructure, filler formation (e.g., dispersion, distribution,

and orientation), and filler-matrix interactions [25, 43]. Melt-mixing process

parameters such as screw speed [34], mixing time [44] and temperature [45]
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have exhibited a direct influence on the filler physical network formed and

thus the resulting electrical properties of the CPCs produced. Increasing

mixing speed and mixing time has shown more uniform MWCNT dispersion,

but with variable outcomes for CPC electrical conductivity [44]. Several

studies have correlated uniform MWCNT dispersion to poor electrical con-

ductivity as a result of reduced aggregation and percolated MWCNT network

[46, 47]. Additionally, it has been reported that an increase in the mixing

temperature can exceed an order of magnitude increase in electrical conduc-

tivity [48]. Thus, careful selection of melt-mixing parameters is required to

obtain high electrical conductivity in CPCs, especially when considering the

resulting mechanical and rheological properties of the material for further

processing and end-use (e.g., printed sensors).

Interest in additive manufacturing (AM) for the fabrication of CPC strain

sensing elements is rising [49, 50]. While forming the foundation of future

manufacturing owing to design customization [51], AM techniques are re-

liant on mechanical and rheological property tuning of the material being

deposited. Most reported studies of CPC AM are based on direct ink writ-

ing (DIW) methods [49, 50, 52], utilizing colloidal conductive thermoset inks

that require additional curing steps. Fused filament fabrication (FFF) based

on extrusion of molten thermoplastic feedstock through a nozzle is the most

common AM technique today and well-suited for printing melt-mixed CPCs.

FFF however, is susceptible to variation in CPC melt viscosity and increasing

the filler content often has detrimental effects on the printability. A recent

study reports 3D printing of PLA/CNT into strain sensors with an electri-
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cal conductivity of ∼ 150 S.m−1 at 12 wt%, however, a solution dispersion

step is required prior to melt-mixing [53]. Another study reveals printing of

melt-mixed polybutylene terephthalate (PBT)/MWCNT into a 3D structure,

with reported conductivity of 10 S.m−1 at ∼ 11 wt% loading [54]. While the

mechanical properties of CNT-loaded EMAA have been evaluated [55], no

prior work has explored developing an electrically conductive, 3D-printable

EMAA copolymer with strain sensing capabilities.

Here, we detail the development of a high electrical conductivity (>40

S.m−1) and 3D-printable CPC by incorporating MWCNT nanofillers into an

EMAA matrix via a tailored melt-mixing process. A parametric study of

the melt-mixing parameters (zone temperatures, screw speed, and mixing

time) at 5 wt% MWCNT loading is presented with respect to the the disper-

sion states of MWCNT and resulting effects on electrical conductivity. Then,

EMAA CPC with various MWCNT loadings (0.5 - 10 wt%) are produced and

the percolation threshold, rheological properties, and printability are inves-

tigated. The CPC with the best printability/conductivity is 3D printed onto

a glass fiber-reinforced polymer (GFRP) composite and repeatable flexural

sensing is demonstrated. This work showcases the use of solely melt-mixing

to produce a CPC with high electrical conductivity at low enough MWCNT

loading to 3D print a functional, reliable piezoresistive strain sensor.
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2. Experimental

2.1. Materials

Nucrel 2940™ (DuPont Inc., USA) EMAA copolymer is used as-received,

with a density of 0.944 g.cc−1 and melt flow index of 395 g/10 min at 190◦C

[56]. Multi-walled carbon nanotubes (NC7000, Nanocyl™, Belgium) pro-

duced via Catalytic Chemical Vapor Deposition [57], are used as-received.

The MWCNT possess an average diameter of 9.5 nm, average length of 1.5

µm, surface area of 250–300 m2.g−1, electrical conductivity of 103 - 105 S.m−1

and reported density of 1.75 kg.m−3 [58, 59]. Eight harness (8H) satin weave

style 7781 E-glass (Hexcel, Inc., USA) is used in conjunction with an epoxy

resin system (Araldite 8605LY/Aradur8605, Huntsman Advanced Materials,

LLC, USA) to fabricate the GFRP flexure samples for the strain sensing

demonstration. Canada balsam (Alfa Aesar, USA) is used as the mount-

ing medium for microtomy samples. Epoxy resin and hardener (EpoxyCure

2, Buehler, USA) are used as the embedding medium for microtomy samples.

2.2. CPC preparation

EMAA pellets and MWCNT are weighed and physically combined as-

received. Melt-mixing is performed using a co-rotating micro twin-screw

extruder (DSM Xplore MC5, Netherlands) with three distinct heating zones:

T1/T2/T3 (see equipment schematic in Fig. S1). A preliminary screening

based on manufacturer technical data was performed, which confirmed the

need for barrel zone temperatures (T1/T2/T3) of at least 120/150/180◦C with

screw speed (v) = 50 rpm and mixing time (t) = 5 min, achieving an electri-
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cal conductivity >10 S.m−1 in melt-mixed CPCs at 5 wt% MWCNT loading.

This pre-screening formed the basis for a subsequent parametric study of

CPC electrical conductivity as a function of melt-mixing processing param-

eters (T, v, t) at 5 wt% MWCNT loading. In the parametric study, EMAA-

CNT(5wt%) is melt-mixed at a constant T1/T2 = 120/150◦C, while varying

T3 (160◦C – 240◦C), v (25 - 400 rpm), and t (3 - 9 min) as shown in Table 1.

CPCs with varying MWCNT loadings (0.5 - 9 wt%) are also prepared

at constant v (50 rpm) and t (5 min), respectively. For 2wt% and above,

the zone 2 and 3 barrel temperatures (i.e., T2 and T3) are increased in accor-

dance with the MWCNT loading (see Table 2) to offset the nanofiller-induced

viscosity increase of the polymer melt and maintain a mixing shear force be-

tween 400–500 N (see Table S3). Extruded CPC filaments for 5 wt% and

above are air-cooled, but extruded filaments with lower MWCNT loadings

are water-cooled to retain filament shape since melt viscosities are relatively

low. The extruded CPC filaments (d = 1.70 – 2.00 mm) are further charac-

terized and used as the feedstock for 3D printing of strain sensors.

2.3. Characterization

2.3.1. Electrical conductivity

The electrical conductivity of the extruded CPC filaments is measured us-

ing the four-point probe method. Silver ink (Super Shield, USA) is applied

to negate wire and contact resistance [60] on four electrode points spaced

1.25 mm apart on 5 cm long filaments (see Fig. S2a). An electrical cur-

rent (I ) is applied on the two outer electrodes using a current source (6221,
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Table 1: Melt-mixing conditions for the parametric study of EMAA-CNT(5wt%) by vary-

ing: zone three barrel temperature (T3), screw speed (v), and mixing time (t).

Study Temperature Screw speed Mixing time

(T1/T2/T3) v t
[◦C] [rpm] [min]

120/150/160
120/150/180

Effect of T3 120/150/200 200 5
120/150/220
120/150/240

25
50

Effect of v 120/150/200 100 5
200
400

3
Effect of t 120/150/200 50 5

7
9

Keithley Instruments, USA) while the voltage difference (V ) is measured

using a nanovoltmeter (2182A, Keithley Instruments, USA) on the two inner

electrodes. The resistance (R) is then calculated from the slope of the I-V

curve (voltage on the y-axis) and the conductivity (σ) defined as:

σ =
1

ρ
=

1

R

4l

πd2
(1)

where ρ is the resistivity, l is the distance between electrodes and d is

the diameter of the filament. The instruments employed for the four-point

probe method are configured for low resistance CPCs (1 Ω - 1 kΩ). CPCs

with higher resistance (i.e., >1 kΩ) are measured using the two-point probe
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method due to resistive heating and localized melting occurring during four-

point probe measurements. For the two-point probe measurements, CPC

filaments are placed within a Faraday cage (see Fig. S2b) that is connected

to an electrometer (6517B, Keithley Instruments, USA) to shield from exter-

nal electrical fields and obtain accurate measurements.

2.3.2. MWCNT micro- and nano-dispersions

To investigate the effect of melt-mixing parameters on the micro- dis-

persions of MWCNT within the extruded CPC filaments, cryo-microtomy

(RM2165 with cryo-chamber, Leica Microsystems GmbH, Germany) is per-

formed. Prior to microtomy, the CPC filaments are embedded within epoxy

resin using flat silicone molds (70903, EMS, USA). Thin sectioning (5 µm) is

performed on the surface parallel to the filament cross-section at -15◦C. The

sections are then mounted on glass slides using Canada balsam. The cross-

Table 2: Melt-mixing conditions for EMAA CPCs at different MWCNT loadings. Varied

zone temperatures are shown for a fixed screw speed (50 rpm) and mixing time (5 min).

Samples Temperature

(T1/T2/T3)
[◦C]

Neat EMAA 80/120/120
EMAA-CNT(0.5wt%) 80/120/130
EMAA-CNT(1wt%) 80/120/130
EMAA-CNT(2wt%) 80/120/150
EMAA-CNT(3wt%) 80/120/170
EMAA-CNT(5wt%) 120/150/200
EMAA-CNT(7wt%) 120/150/220
EMAA-CNT(9wt%) 120/150/240
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sections are subsequently imaged via optical microscopy (BX-61, Olympus,

Japan) with a 5 MP camera (C-P3 Optika Microscopes, Italy). Images are

post-processed in ImageJ (NIH, USA) to determine the MWCNT aggregate

area ratio (ra = Aa/Ao), where Aa is the area of MWCNT aggregates with

size larger than 10 µm and Ao is the total investigated area (Ao >1.5 mm2

per section) [61]. For each sample set, at least 6 sections are obtained from

two different locations along the filament.

To study the nano-dispersion state of the MWCNT, CPC sections are ob-

served using transmission electron microscopy (TEM) (JEM-2100F, JEOL,

USA) at 200 kV. The 70 - 100 nm thin sections are obtained from an ultra-

microtome (EM UC7, Leica Microsystems GmbH, Germany) at -25◦C and

deposited on TEM holder grids (copper, 400 mesh) prior to imaging.

2.3.3. Rheology

The neat EMAA and CPCs produced from melt-mixing are pelletized and

compression molded with 33 kN of piston force in a nitrogen environment at

temperatures between 180 – 240◦C according to the MWCNT loading (see

Table S4) to produce disks 25 mm diameter and 1.5 mm thick. Rheological

characterization is performed via small amplitude oscillatory shear (SAOS)

experiments in a nitrogen environment using a rheometer (MCR302, Anton

Paar, Austria) with a 25 mm parallel plate geometry and 1 mm gap. Ampli-

tude sweeps are performed to determine the linear viscoelastic (LVE) region

of each CPC under applied strains of 0.5 - 50% and angular frequency of 10

rad.s−1 at 190◦C. Frequency sweep tests are then conducted for each sample

from 0.1 to 100 rad.s−1 within the determined LVE range at 190◦C.
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2.3.4. Fabrication of GFRP composite flexure substrates for strain sensing

Composite preforms are prepared by stacking twelve woven plies of 8H

satin E-glass in an alternating sequence of [0/90]6, where [0] indicates the

warp direction and [90] is the weft direction. The preforms are infused via

the vacuum-assisted resin transfer molding (VARTM) process. Infiltration

of liquid epoxy resin and amine hardener (mixed 100:35 by weight) occurs

at 2 Torr (abs) until complete fabric wetting and then vacuum is decreased

to 380 Torr (abs) for 24 h at room temperature until matrix solidification.

The composite panels are cured for 2 hr at 121◦C followed by 2 hr at 150◦C.

Samples 13 mm wide and 84 mm long are cut from the ∼ 2.8 mm thick

cured composite using a diamond-blade wet saw. The flexural samples are

prepared for digital image correlation (DIC) by spray-painting the front pro-

file (2.8 mm thick × 84 mm long) matte white followed by speckling with

matte black paint to produce a high-contrast pattern.

2.3.5. 3D-printing of EMAA-MWCNT strain sensors

Using EMAA-CNT(5wt%) CPC material as feedstock, sensing traces

roughly 150 µm thick by 750 µm wide are deposited via fused filament fab-

rication (LulzBot TAZ Pro) onto GFRP sample substrates using a 0.8 mm

diameter nozzle at a temperature of 190◦C and a bed temperature of 60◦C. A

continuous serpentine pattern, comprising five segments (10 mm long) spaced

2.75 mm apart, is printed at the center of the top face on each sample. The

two end-points of the serpentine pattern are connected to 0.65 mm diameter
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copper wire using silver paint (Ted Pella Inc., USA), and the connections are

coated with a thin layer of structural adhesive (DP460 NS, 3M Inc., USA)

to ensure resilience during mechanical cycling.

2.3.6. Flexure testing of GFRP substrates with 3D-printed strain sensors

GFRP beam samples are tested within elastic strain limits in a 3-point

flexure configuration using a 10 kN electromechanical load frame (RT/5,

MTS, Inc., USA). A span to depth ratio of 32:1 is selected to reduce shear

effects, in accordance with ASTM D7264. Samples are preloaded to 5N,

which ensures sufficient loading pin contact with the substrate, and then

tested at a crosshead rate of 1 mm.min−1 for 20 consecutive load-unload cy-

cles at 0.4% and 0.8% maximum flexural strain for the first and last decade,

respectively. Load and crosshead displacement data are collected at a sam-

pling rate of 5 Hz throughout the process. Concurrent images of the speckled

front sample face are acquired using a 12.3 MP camera (GS-3-U3-15S5C-C,

Teledyne FLIR, Inc., USA) to capture the full-field displacements for digital

image correlation (DIC). Time-stamped images are analyzed using DIC soft-

ware (VIC-2D, Correlated Solutions, Inc.) to calculate the maximum flexural

strains on the bottom (i.e., tensile) face of the composite substrate. Piezore-

sistive sensor data is concurrently collected at a sampling rate of 1 Hz using

a digital multimeter (DMM) (Model 7510, Tektronix, Inc., USA) connected

in a four-point probe configuration, (i.e., two separate contact points to each

of the two copper wires emanating from each serpentine sensor).
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3. Results and discussion

3.1. Melt-mixing screening and parametric studies of EMAA-CNT(5wt%)

The preliminary screening based on prior literature [48] confirms that

higher barrel temperatures during melt-mixing result in greater electrical

conductivity for EMAA-CNT(5wt%). These findings motivated a subsequent

parametric study, varying the screw speed (v), mixing time (t), and barrel

temperature in the third zone (T3) where T1 and T2 are held constant at

120◦C and 150◦C, respectively.

The first parameter varied is T3, from 160 to 240◦C in 20◦C increments,

with a constant v = 200 rpm and t = 5 min. Fig. 2a shows that increasing the

final zone 3 barrel temperature (T3) enhances electrical conductivity from 9.4

S.m−1 at 160◦C to 41.1 S.m−1 at 220◦C, while a decrease in conductivity to

31.2 S.m−1 occurs when T3 is increased further to 240◦C. Temperature sweep

rheological studies (see Fig. S3) reveal that the viscosity of neat EMAA

decreases with increasing temperature until 228◦C, rising rapidly thereafter.

The increased viscosity (accompanied by increased mixing force) indicates the

onset of polymer thermal degradation, where oxidation of the EMAA ma-

trix affects the interfacial chemical bonding and electron transport between

neighboring EMAA-CNT and CNT-CNT regions, likely explaining the lower

conductivity at T3 = 240◦C. MWCNT micro-dispersion studies at three dif-

ferent temperatures (T3 = 160◦C, 200◦C and 240◦C) are performed and the

calculated MWCNT aggregate area ratios (ra), are plotted in Fig. 2a(i) for

respective microscopic images in Fig. 2a(ii-iv). No clear trend is observed

between T3 and ra, where the low values of ra < 5% could be due to the
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relatively high mixing speed (v = 200 rpm), which facilitates the diffusion of

polymer chains into MWCNT aggregates.

In a subsequent investigation, the screw speed is now varied (25, 50, 100,

200 and 400 rpm) with constant t = 5 min and T3 = 200◦C. As shown

in Fig. 2b(i), lower screw speeds (25, 50 rpm) correlate to higher ra (5 -

13 %) and electrical conductivity (36 - 44 S.m−1). However, the effect of

screw speed on conductivity appears insignificant after 100 rpm. Higher con-

ductivities achieved at screw speeds of 25/50 rpm are also reported in the

melt-mixing studies of polyamide and poly(caprolactone) MWCNT-based

composites [35, 44]. As determined from cryo-microtomy, the aggregate area

ratio decreases from 12% to less than 2% as screw speed is increased from 25

rpm to 400 rpm, correlating to reduction in MWCNT aggregation shown in

Fig. 2b(ii-iv). No firm trend seems to exist between the electrical conduc-

tivity and aggregate ratio ra.

Varying the final parameter, mixing time (i.e., 3, 5, 7, 9 min), while hold-

ing constant T3 = 200◦C and v = 50 rpm reveals that a melt-mixing duration

of 5 minutes maximizes the EMAA-CNT(5wt%) electrical conductivity (Fig.

2c) reaching a value of 43.9 S.m−1. Longer mixing time beyond 5 min results

in lower conductivity while ra increases, possibly due to secondary agglom-

eration, which is supported by existing literature [35, 47]. This parametric

study reveals that zone three barrel temperature, screw speed, and mixing

time all influence the electrical conductivity of EMAA-CNT(5wt%). The

process parameters that achieve the highest conductivity are: T3 = 220 ◦C,
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v = 50 rpm, and t = 5 min. The optimal screw speed (v = 50 rpm) and mix-

ing time (t = 5 min) for 5wt% MWCNT are subsequently used to investigate

melt-mixing of CPCs at different filler percentages. The barrel temperature

profile is adjusted relative to MWCNT loading (see Table 2) to limit the ap-

plied shear force on the melt and prevent MWCNT diffusion/breakage that

could reduce the electrical conductivity of the CPC [35].

Figure 2: Melt-mixing screening studies of EMAA-CNT(5wt%) based on three different

parameters; (a) zone 3 barrel temperature, T3, (b) screw speed, v, and (c) mixing time, t.

(i) Plots of electrical conductivity and aggregate area ratios (ra = Aa/Ao) determined via

optical microscopy (representative images ii-iv), from cryo-microtomy samples revealing

the micro-dispersion states of MWCNT aggregates.
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3.2. Electrical properties

Fig. 3a compares the electrical conductivity of neat EMAA and CPCs for

varying MWCNT loadings (0.5 - 10 wt%) produced using melt-mixing param-

eters from the preliminary screening versus those gained from the parametric

study. For the CPCs produced with the selected (v = 50 rpm, t = 5 min)

parameter set, the percolation threshold, (ϕc), determined from a power-law

curve fit (see Fig. S4) is ∼ 1.7 wt% (∼ 1.0 vol%). Above the ϕc, we observe a

significant increase in measured electrical conductivity due to the formation

of a three dimensional conductive network via the direct physical interac-

tions of MWCNT. The percolation threshold for EMAA/CNT is similar to a

reported value for LDPE/MWCNT (ϕc ∼ 1.5 wt%), however, the measured

conductivity (∼ 1.0 S.m−1) at 5 wt% is nearly forty times lower than our

result (43.9 S.m−1) at the same loading [37]. This also compares favorably

to recent EMAA-CNT nanocomposites, which have reported conductivities

of less than 10 S.m−1 at 7 wt% MWCNT loading [62].

The electrical conductivities of EMAA/MWCNT CPCs herein, mixed at

lower temperatures (i.e., the preliminary screening), are significantly lower

with higher ϕc ∼ 4.0 wt% than those mixed at higher temperatures. A

possible factor contributing to the lower measured conductivities is poor ad-

sorption of EMAA polymer chains onto MWCNT aggregates [48], supported

by observed aggregate detachment from the EMAA matrix (see Fig. S5),

thereby reducing MWCNT network connectivity. The difference in electrical

conductivities is magnified as MWCNT loading increases beyond 1.0 wt%.

For example, at 5 wt%, the conductivity increases by five orders of magnitude
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from 1.40 × 10−4 S.m−1 to 4.39 × 101 S.m−1 when the barrel zone tempera-

tures (T1/T2/T3) are increased from (80/150/110◦C) to (120/150/200◦C) for

the same mixing time of 5 min; screw speeds are 100 and 50 rpm, respec-

tively. The observed increase in conductivity can be explained via images

of the micro- and nano-dispersion states of MWCNT in EMAA as shown in

Fig. 3(b-g). At the micro-scale, similar aggregate area ratios of 4.4% and

5.1% were calculated for both mixing profiles. However, CPCs produced

at lower mixing temperatures (80/150/110◦C) contain greater numbers of

smaller MWCNT aggregates, leading to lower electrical conductivity. At

this lower mixing temperature profile, the viscosity of EMAA is higher (see

Fig. S3), which results in greater mixing-induced shear force on the MWCNT

aggregates and a higher degree of aggregate breakdown. This in-turn disen-

tangles MWCNT bundles and produces a fairly uniform, but diluted distri-

bution of MWCNT within the EMAA matrix [63], which leads to a poor

conductive network as they become too physically distant to enable electron

transport [64]. This diffuse and homogeneous distribution at the nano-scale

captured via TEM (Fig. 3c-d) is markedly different than the dispersion state

of MWCNT in CPCs produced by the higher mixing temperature profile.

A high contrast of black (MWCNT aggregates) and white (EMAA matrix)

regions reveal dense MWCNT networks with more heterogeneous nano-scale

distributions (Fig. 3f-g), indicating tighter MWCNT groupings and better

physical interconnections at the nano-scale. Thus, nano-scale heterogeneity

with banded regions of MWCNT percolation results in higher electrical con-

ductivity than homogeneous, yet more diffuse MWCNT distributions at the

same loading.
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Figure 3: (a) Electrical conductivity of EMAA CPCs with varying wt% of MWCNT from

the preliminary and parametric studies, with percolation thresholds (ϕc) of 4.0 wt% and

1.7 wt%, respectively (each demarcated by a dashed vertical line). Complementary optical

microscopy and TEM images of EMAA-CNT(5wt%) showing micro- and nano-dispersion

states of MWCNT for the preliminary (b-d) and parametric studies (e-g). Note: dashed

circles indicate the data points for accompanying micrographs.

3.3. Rheological properties

Rheological properties of the melt-mixed CPCs with varying MWCNT

loadings are investigated via small amplitude oscillatory shear testing. The

experimental temperature is set to a constant 190◦C, the set-point for sub-

sequent 3D printing via FFF in order to relate the rheological behavior to

the nozzle temperature during the printing process. Both the storage (G′)

and loss (G′′) moduli increase with MWCNT loading as shown in Fig. 4(a-

b). At low oscillation frequencies (0.1 - 10 rad.s−1), a roughly two order

of magnitude increase in G′ for CPCs relative to neat EMAA was observed

at 0.5 wt% loading, and up to six orders of magnitude increase at 7 wt%.
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Frequency independence of G′ is observed as MWCNT loading increases, es-

pecially beyond 5 wt%, indicating that the rheological properties are more

representative of a solid. Such solid-like behavior is linked to the formation

of MWCNT connected networks within the composites [15]. Tan (δ) corre-

sponds to the ratio of viscous (G′′) to elastic (G′) response of neat EMAA and

the CPCs, as shown in Fig. 4(c). The transition from liquid-like (G′′ > G′)

to solid-like (G′ > G′′) behavior occurs at 3 wt%, indicating the formation

of interconnected MWCNT networks and restriction of the EMAA polymer

matrix chains [65]. Thus, the rheological percolation threshold is somewhere

between 1 to 3 wt%.

As shown in Fig. 4d, the complex viscosity, η∗ increases with MWCNT

loading, though more notably within the lower oscillation frequency range.

The incorporation of MWCNT induces shear-thinning behavior in EMAA-

based CPCs, whereas the neat EMAA copolymer exhibits a Newtonian re-

sponse. For CPCs at low MWCNT loadings (0.5 and 1 wt%), shear-thinning

is only observed at lower frequency ranges (0.1 - 10 rad.s−1). However, the

degree of shear-thinning behavior is more pronounced (i.e., steeper slope)

with increased MWCNT loading. Such behavior is important for additive

manufacturing as it allows the molten material to flow at high shear rates

during printing and maintain shape after printing [66].

3.4. Printability of EMAA-MWCNT

Extruded filaments of melt-mixed CPC are utilized as feedstock for fused-

filament fabrication (FFF) and printed along linear tool-paths through a
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Figure 4: Frequency sweep rheological characterization of neat EMAA and MWCNT CPCs

at 190◦C. (a) Storage modulus, G′, and (b) Loss modulus, G′′ vs. angular frequency, (ω)

obtained within the linear viscoelastic (LVE) region. (c) Tan (δ) calculated as the ratio of

G′′ to G′. The dashed line demarcates the transition between G′′ dominated (liquid-like)

and G′ dominated (solid-like) behavior. (d) Complex viscosity, η∗ as a function of ω.

0.8 mm diameter nozzle as shown in Fig. 5a. Linear traces of CPCs at

lower MWCNT loadings (1 - 5 wt%) are successfully printed at a nozzle

temperature (Tnozzle) of 190◦C and bed temperature (Tbed) of 60◦C, while

exhibiting strong adhesion (Fig. 5b). However, due to the higher viscosity

at 7 wt% MWCNT loading, a higher Tnozzle = 210◦C is required for printing,

but nonetheless exhibits increased waviness. Even with a nozzle tempera-

ture beyond 210◦C (but below the EMAA thermal degradation temperature
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∼ 230◦C), printing of the EMAA-CNT(9wt%) material is not viable due to

intermittent nozzle clogging and resulting discontinuous printed traces. In

general, the print quality (i.e., dimensional control) decreases and the surface

roughness and macro-waviness increase with greater MWCNT loading.

In Fig. 5c, the electrical conductivities of printed traces measured via

the four-point probe method using a digital multimeter (DMM) are shown in

comparison to the base feedstock. At low MWCNT loadings (1 and 3 wt%),

the post-print conductivities vary widely from the pre-print measurements.

However, at higher MWCNT loadings the pre- versus post-print conductivity

values are of the same order: 43.9 S.m−1 vs. 29.3 S.m−1 at 5 wt% and 101.7

S.m−1 vs. 61.6 S.m−1 at 7 wt%. The retention of high electrical conduc-

tivity after printing for the EMAA-CNT(5wt%) material is explained by the

TEM image in Fig. 5d, revealing the preservation of heterogeneous MWCNT

dispersions and connected networks even after the FFF process. EMAA-

CNT(5wt%) was selected for subsequent investigation of 3D printed flexural

strain sensing owing to its printability and maintained electrical conductivity.

3.5. Strain sensing demonstration

FFF of EMAA-CNT(5wt%) produces viable piezoresistive sensing capa-

bility that is demonstrated by a strain sensor printed on the tensile face

of a GFRP composite and tested under cyclic 3-point flexure (see Fig. 6).

Continuous monitoring of sensor resistance is achieved via four-point probe

methodology using the DMM connected to the copper wire electrodes em-

bedded into the printed sensors. The sensor design comprises a continuous
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Figure 5: 3D printing study via FFF of EMAA/MWCNT CPCs. (a) Nozzle melt-extrusion

along a linear toolpath. (b) Printed traces of EMAA-CNT at 1, 3, 5 and 7 wt% MWCNT

loading. (c) Electrical conductivities of pre-print filament feedstock and post-print traces

at various MWCNT loadings. (d) TEM image of 5wt% MWCNT printed trace.

serpentine trace with a target line width of 750 µm and target thickness of

150 µm (see Fig. 6b,c). The 150 µm thickness is the minimum printable sin-

gle layer thickness possible on the FFF equipment utilized. Printing at these

cross-sectional dimensions keeps the sensor resistance within the 10-100 kΩ

range, well within the operating window of the DMM (1Ω - 1GΩ). Printing

below this thickness often results in notable sensor resistance increase due

to defects induced by GFRP substrate undulations, which are on the order

of 100 µm peak-to-valley surface roughness [67]. The well-documented and

advantageous reactivity between EMAA and the diglicidyl ether of bisphenol

A (DGEBA) epoxy matrix of the GFRP [68, 69, 70] enables strong adhesion
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between the substrate and printed sensor, thus ensuring surface strain cou-

pling. The serpentine sensor is designed to encompass the entire width of the

GFRP beam (13 mm) and spans a 10 mm central portion along the length.

Evaluation of the flexural piezoresistive response of the nanocomposite

sensor is conducted within the tensile elastic strain limit of the underlying

GFRP substrate (≤ 0.8%). To assess the sensitivity of the printed CPC

across a wider strain range, testing is conducted at both 0.4% and 0.8%

maximum applied flexural strain on the bottom (tensile) face of the substrate

opposite and verified by digital image correlation (DIC). The two values of

maximum strain are applied for 10 consecutive load-unload cycles (Fig. 6d),

with the sensor resistance measured and recorded throughout. For each test

cycle, the peak strain and maximum measured resistance align directly in

time, indicating no delay in sensor response at the crosshead displacement

rate tested (1 mm.min−1). Sensor resistance increases slightly through the

first few successive cycles at a given strain range and then converges, in-

dicative of mechanically-induced physical changes to the MWCNT networks

prior to reaching an equilibrium configuration.

This behavior is also apparent from the relative change in sensor resis-

tance to initial resistance (∆R/R0) as shown in Fig. 6e. While sensitivity

reduces slightly after the first respective cycle for each strain level (1st 0.4%,

11th 0.8%), the response quickly converges and remains consistent in each

case with low hysteresis and no sign of sensor degradation. This indicates a

positive prognosis for longer-term sensing applications beyond the 20 cycles
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conducted herein, which were taken to be a reasonable threshold value for

proving repeatable functionality based on convergent sensor behavior.

Figure 6: Strain sensing of 3D-printed EMAA-CNT(5wt%). (a) 3-point flexural test

configuration showing printed sensor and electrode locations. Optical micrograph (b)

and scanning electron micrograph (SEM) (c) of as-printed serpentine sensor on GFRP

substrate. (d) Applied flexural strains (i) for 20 consecutive test cycles (10 at 0.4%, 10 at

0.8%) measured via DIC. Piezoresistive response (ii) for the applied strains at individual

test cycles. (e) Relative change in sensor resistance (∆R/R0) for each test cycle (1-20).
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4. Conclusion

In this work, an electrically conductive nanocomposite comprising an

EMAA copolymer matrix and MWCNT fillers has been developed via melt-

mixing for readily accessible 3D printing. A parametric study to elucidate

the dominant mixing parameters results in a conductive polymer exceeding

40 S.m−1 at only 5 wt% MWCNT loading, one of the highest values achieved

to date at this filler content. Reaching appreciable electrical conductivity

while maintaining printability (i.e., low melt-viscosity) is predicated upon the

formation of a heterogeneous MWCNT nano-scale distribution that is pre-

served after fused-filament fabrication. Printing EMAA-CNT(5wt%) onto a

glass-fiber composite in a serpentine pattern produces a well-adhered flexural

strain sensor with robust piezoresistive performance over 20 consecutive test

cycles featuring low hysteresis and no indication of sensor degradation for

elastic deformation of the underlying composite. When paired with geomet-

ric design agility offered by FFF additive manufacturing, for both flat and

curved surfaces [71], this emergent nanomaterial holds promise as a transfer-

able SHM solution for new and existing composite infrastructure. Immedi-

ate opportunity has been created to study alternative sensor designs and ex-

tended cycling under various loading scenarios and environmental conditions.

Further implements will explore the suitability of this multifunctional mate-

rial for electromagnetic interference (EMI) shielding [72], thermo-mechanical

actuation [73] and energy harvesting [74].
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• Among the highest reported electrical conductivity (>40 S.m−1) for a

melt-mixed nanocomposite containing multi-walled carbon nanotubes

(MWCNT) in a dielectric polymer, but at low loading (5 wt%) to min-

imize melt-viscosity for 3D printing.

• Favorable electrical conductivity is achieved by control of heteroge-

neous, interconnected nano-dispersions of MWCNT networks as op-

posed to micro-scale aggregation.

• Fused filament fabrication (FFF) of the conductive nanocomposite feed-

stock directly onto a glass-fiber reinforced polymer (GFRP) composite

provides repeatable flexural strain sensing.

• Up to 20 consecutive load-unload cycles are demonstrated within the

elastic limit of the GFRP composite with minimal hysteresis.






