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Abstract: In this work, thermoplastic polyurethane based conductive polymer
composites containing carbon nanotubes (CNTs) and synthesized silver nanoparticles
(AgNPs) were used to fabricate highly elastic strain sensors via fused deposition
molding. The printability of the materials was improved with the introduction of the
nanofillers, and the size and content of the AgNPs significantly influenced the sensing
performance of the 3D printed sensors. When the CNTs:AgNPs weight ratio was 5:1, the
sensors exhibited outstanding performance with high sensitivity (GF = 43260 at 250%

strain), high linearity (R? = 0.97 within 50% strain), fast response (~57 ms), and excellent
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repeatability (1000 cycles) due to synergistic effects. A modeling study based on the
Simmons' tunneling theory was also undertaken to analyze the sensing mechanism. The
sensor was applied to monitor diverse joint movements and facial motion, showing its
potential for application in intelligent robots, prosthetics, and wearable devices where
customizability are usually demanded.

Keywords: synergy; strain sensor; 3D printing; nanocomposites

1. Introduction

In recent years, conductive polymer composites (CPCs) have been widely reported
for the development of flexible strain sensors due to their excellent sensitivity, high
elasticity, and large detectable range [1]. A variety of nanomaterials such as graphene
[2-4], carbon nanotubes (CNTs) [5], metallic nanoparticles (NPs) [6], and metal
nanowires have shown promising properties for the fabrication of CPCs [7,8]. Carbon
nanoparticles with high aspect ratios, such as carbon nanotubes and graphene
nanosheets are the most favorable conductive nanofillers when a low electrical
percolation threshold is desired [9]. CNTs are a typical one-dimensional nanofiller that
is prone to entangle, which facilitates the construction of a stable conductive network in
the polymer matrix. Silver nanoparticles (AgNPs) play an important role in the field of
microelectronics because of their good electrical conductivity. The surface and quantum
size effects of AgNPs allow them to be used in applications such as surface-enhanced
Raman and medical applications [10,11]. However, conductive nanofillers all have high

surface energies and tend to agglomerate, which leads to poor dispersion in the polymer



matrix.

To date, many studies have focused on improving the dispersion of the fillers by
utilizing the synergistic effects between different nanofillers to construct a more robust
conductive network [12,13]. This strategy has been extensively employed to establish
reversible-transformable conductive networks, using carbon nanotubes, metal nanowires,
graphene, and graphene foams, with the incorporation of various elastomers as the
stretchable matrix [14,15]. For example, Liu et al. [16] obtained CPC with a low
percolation threshold and tunable resistance strain sensing behavior via the addition of
hybrid carbon nanotubes (CNTs) and graphene to thermoplastic polyurethane (TPU). The
synergistic effects between the graphene and CNTs were identified using the excluded
volume theory. Graphene acted as a “spacer” to separate the entangled CNTs from each
other and the CNTs bridged the broad gap between the individual graphene sheets. This
was beneficial for the dispersion of the CNTs and the formation of effective conductive
paths, leading to better electrical conductivity with a lower conductive filler content. Cai
et al. [17] studied the effects of filler types on the electrical and piezoresistive properties
of conductive silicon rubber (SR) composites. Their work suggested that the synergistic
effects of graphene and CB mixed fillers increased their dispersion in the SR matrix. Ma
et al. [ 18] proposed a simple, low-cost and solution-based method for the preparation of a
piezoresistive sensor based on conductive polyurethane (PU) sponges coated with
synergistic multiwalled carbon nanotubes (MWCNTs) and reduced graphene oxide
(RGO). Compared with the RGO@PU and MWCNT@PU sponges, the

MWCNT/RGO@PU sponges demonstrated higher electrical conductivities because of



the effective 3D MWCNT/RGO conducting network and superior sensing performance
due to the synergistic effects of the diverse mechanisms. Sagalianov et al. [19] prepared a
GNP/CNT/polymer nanocomposite based on solution mixing. They observed that the
synergistic effects caused a significant decrease in the percolation threshold of the ternary
polymer composites filled with carbon nanotubes and graphite nanoplatelets (GNPs)
compared with the binary composite. Liu et al. [20] prepared a high-sensitivity graphene
woven fabric (GWF)/PDMS composite sensor and connected it to a mobile phone via
Bluetooth to create a wireless wearable device. Due to the flexible matrix, the composites
show an excellent electrical conductivity arising from the CVD-grown graphenes,
excellent stretchability and durability.

While the strain sensors reported in previous literature demonstrate good sensing
performance, their fabrication is usually quite complicated and poorly suited to mass
manufacturing. 3D printing (namely additive manufacturing) originated as a prototyping
technology capable of making complex 3D parts at low cost and accurate physical
reproduction [21] but this technology had advanced rapidly and is now being used as an
actual manufacturing process rather than just for prototyping. Various printing
techniques have been developed, which enables different types of materials to be used
in 3D printing, such as metals by selective laser sintering [22], photocurable materials
by stereolithography, inkjet printing [23], and thermoplastics by fused deposition
modeling (FDM) [24]. Zhang et al. [25] used 3D printing to prepare porous
polydimethylsiloxane (O-PDMS); it was integrated with carbon nanotubes and a

graphene conductive network to obtain a highly ductile conductive material (OPCG).



Compared with other 3D printing methods, FDM has the advantages of convenience,
flexibility, and low cost, and the extruded filaments are suitable for large-scale
production and also stable for long-term storage [25,26]. Gnanasekaran et al. [27]
demonstrated the preparation, filament extrusion, and FDM-based 3D printing of
CNT-based and graphene-based conductive polymer nanocomposites into functional 3D
model structures. They demonstrated that the physical properties of the polymers, the
dispersion, and the aspect ratio of the conductive fillers play important roles in the
evolution of conducting networks. Kim et al. [14] used FDM to fabricate a multi-axial
force sensor, which was consisted of the TPU structural component and the CNT/TPU
nanocomposite sensing component. However, most strain sensors that are currently
produced are unable to satisfy all the performance parameters (including a gauge factor
above 15 within a strain of 50%, a wide detectable strain range of 0-250%, and a
linearity close to 1), in combination with low-cost production and a printability.

In this work, AgNPs were synthesized by electrophoretic deposition in the
presence of CNTs for better dispersion. The ternary CNT/AgNP/TPU nanocomposites
were prepared by solution mixing and extruded into filaments using a single-screw
extruder for subsequent printing into flexible strain sensors by FDM. The AgNPs in this
study prevent the intact interaction between neighboring CNTs as well as tailoring the
conductive pathways in the composite. The performance of the printed sensors,
including the gauge factor, detectable strain range, and linearity was mainly regulated
by the amount of silver nanoparticles present. To the best of author’s knowledge, there

1s almost no literature focusing on the synergistic effect of hybrid conductive nanofillers



in 3D printed flexible strain sensors to date. This work also provides important guidance
for the facile fabrication of flexible and high-performance strain sensors via the 3D
printing technique where complex designs, multi-directionality, and customizability are

usually demanded.

2. Experimental section

2.1. Materials

Multi-walled carbon nanotubes (NC7000) were obtained from Nanocyl SA
(Belgium). The CNTs had a nominal average length of 1.5 um and a nominal diameter of
9.5 nm. The TPU powder (Bayer 2195) was supplied by Bayer Co. Ltd. with a melt flow
index of 17.5 g/10 min (215 “C, at a pressure of 10 kg) and a density of 1.12 g/cm?.
Dimethylformamide (DMF) reagent, polyvinylpyrrolidone (PVP, K-30), and silver
nitrate (97% purity) were purchased from Chengdu Kelong Chemical Reagent co. Ltd.

Sodium citrate was supplied by Tianjin Zhiyuan Chemical Reagent co. Ltd.

2.2. Synthesis of CNT/AgNP nanofillers

The CNT/AgNP hybrid nanofillers with different CNT:AgNP weight ratios (10:1, 5:1
and 2:1) were synthesized. For the CNT/AgNP (10:1) sample, a flask with silver nitrate
aqueous solution (AR, 0.12 mM) was heated in an oil bath at 120 °C, 1 mg of CNTs and

10 mL sodium citrate aqueous solution (AR, 1 wt%) were added into the flask
sequentially, as shown in Fig. 1a. The solution turned grey after stirring while heating in

the oil bath at 120 °C for 1 h. The CNT/AgNP (10:1) sample was centrifuged at 10,000

rpm (KH-250DE, Kunshan, China) and stored in absolute ethanol for use. Likewise, the



content of raw materials for preparing the CNT/AgNP(5:1), CNT/AgNP(2:1) and
AgNPs nanofillers is shown in Table 1. Sufficient nanofillers were synthesized
following this method for the subsequent preparation of nanocomposites.Table 1.

Content of raw materials for preparing CNT/AgNP and AgNP nanofillers.

Samples CNTs (mg) AgNO; (mM) sodium citrate (mL, 1 wt%)
CNTs 1
CNT/AgNP(10:1) 1 0.12 10
CNT/AgNP(5:1) 1 0.22 20
CNT/AgNP(2:1) 1 0.53 45
AgNPs - 0.12 10

2.3. Preparation of nanocomposites

First, the CNTs or hybrid CNT/AgNP nanofillers were dispersed in DMF via
ultra-sonication at 100 W and 40 kHz for 1 h at room temperature. TPU powder was
dissolved in the resulting suspension by magnetic stirring for 2 h. The total content of the
nanofillers in all test samples was 3 wt%. The mixed suspension was transferred into a
glass container (140 mm X% 140 mm x 40 mm) to dry for 24 h at 80 °C in an air-circulating
oven to produce the nanocomposite sheets. Nanocomposites without the AgNPs were

also prepared by the same method for comparison (Fig. 1b).

2.4. 3D printing of strain sensors

The nanocomposite sheets were cut into small granules and extruded into filaments

with a diameter of 1.75 mm using a benchtop single-screw extruder (Wellzoom Type



C). The operating temperature was 190 °C and the screw speed was 100 rpm. The
filament was then used to print strain sensors using an ET-K1 (ET Co. Ltd., China)
desktop FDM 3D printer. A stacking mode was used for the 3D printing with an
interlayer angle of 90° (Fig. 1c). The FDM printing parameters were optimized for
improved printability and are shown in Table 2. All the samples used for the tensile,
electrical, and electromechanical tests were printed under the same conditions. The

material strips had a dimension of 50 mm % 10 mm X 1 mm.
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Fig 1. Schematic of the 3D printed strain sensor: (a) preparation of a mixture of
CNTs and AgNPs, (b) preparation process for the modified CNT/TPU nanocomposite
film, (c) preparation of the 3D printed nanocomposites.

Table 2. 3D printer operating parameters.

Printing parameters Values

Layer thickness (mm) 0.2

Nozzle temperature (°C) 220




Hot bed temperature (°C) 70

Printing speed (mm/s) 20
Filling rate (%) 100
Nozzle diameter (mm) 0.4

2.5. Characterization

2.5.1. SEM and EDS

The morphologies of CNTs and AgNPs hybrid nanofiller were investigated using a
ZEISS EVO MAI15 scanning electron microscope (SEM) after ultrasonication and
vacuum drying. The elemental composition of the CNTs and AgNPs were confirmed via
energy-dispersive X-ray spectroscopy (EDS, Oxford Instruments X-MaxN). The
morphologies of the printed nanocomposites were examined by FESEM (FEI Quanta
650 FEG) using an accelerating voltage of 20 kV. The specimens were cryogenically
fractured in liquid nitrogen perpendicular to the axial direction. Then, the fractured

section was directly observed without gold sputtering.

2.5.2. Electrical resistivity measurement

The volume electrical resistivity (p) of the nanocomposites was measured in the
cross-layer (longitudinal) and through-layer (through-thickness) directions using a
two-point method combined with a picoamp-meter (Keithley 6485) and a DC digital
source meter (Tektronix PWS4323) at 3 V. The electrode distances were 15 and 1 mm

in cross-layer and through-layer directions respectively (Fig. 2a). Silver paste was used



to minimize contact resistance between the specimen and electrodes. The resistivity of

the nanocomposite films was calculated using Eq. (1):

N
p=R (1)

where R is the electrical resistance of the sample, and Ly and S are the electrode

distance and cross-sectional area of the sample in testing direction, respectively.
2.5.3. Electromechanical testing

Characterization of the electromechanical performance of the printed samples was
carried out by measuring the resistance change under monodirectional and cyclic
(stretching/releasing) loading using an MTS CMT4104 universal tester combined with a
picoamp-meter and a digital source meter at a fixed voltage of 3 V (Fig. 2b). The
samples used for electromechanical performance testing were identical to those for the
electrical resistivity measurements.

The gauge factor (GF) was calculated using Eq. (2) based on the relative resistance
change (AR/Ry) and the tensile strain:

AR
GF = — 2)

where Rj (©2), AR (Q), and & (%) represent the initial resistance without strain,

resistance change with strain, and the applied tensile strain, respectively.
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Fig 2. Schematic diagram of (a) electrical resistivity measurements in cross-layer and

through-layer directions and (b) strain sensing tests.

3. Results and Discussion

3.1. Printability

The critical buckling pressure (P..) of the filament in the FDM printer can be

calculated using the Euler buckling equation [28]:

m?ED?
T 16L7

€)

where E is the elastic modulus of the filament, Dy is the diameter of the
filament, and Ly is the length of filament from the drive gear to the melting zone. If the
filament is not sufficiently stiff then it will buckle in the FDM machine and printing will
stop (the critical buckling pressure of the filament must be higher than the pressure
required to extrude the polymer through the nozzle). Since TPU is a relatively low
modulus material which may be prone to buckling it is beneficial to enhance its
modulus to improve printability. From Fig. 3a, b, and Table 3, it can be seen that the
addition of nanofillers increases the elastic modulus and buckling resistance of the

filaments. In particular, the amount of silver nanoparticles used had a significant effect



on the elastic modulus of the composite filaments. Compared with CNT/TPU, as the
ratio of CNTs to AgNPs increases to 5:1, the elastic modulus and critical buckling
pressure of the composite filament increase by 60.9% and 60%, respectively, which
improved the printability of the composite filament. However, on further increasing the
AgNPs content, the strengthening effect of the material by AgNPs was much lower than
by the CNTs, leading to a decrease in the elastic modulus and critical buckling pressure
of the composite filament (E=24.2 + 1.16 MPa, P.,.=93 + 0.47 KPa, CNT:
AgNP = 2:1). This can be attributed to the poorer dispersion of nanofillers and will be

discussed in the following section.
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Fig. 3. Modulus of elasticity (a) and critical buckling pressure (b) of the extruded
filaments with different nanofiller composition.

Table 3. Changes in the modulus of elasticity and critical buckling pressure of

filaments with different nanofiller composition.

Samples E (MPa) AE (%) P, (KPa) AP, (%)
Neat TPU 15.6 +0.75 -- 6.0 +0.31 -
CNT/TPU 2384+ 1.18 52.6% 924046 53.3%

CNT/AgNP(10:1)/TPU 2454122 571%  94+047  56.7%



CNT/AgNP(5:1)/TPU 25.1 £ 1.26 60.9% 9.6 £0.48 60.0%
CNT/AgNP(2:1)/TPU 242+ 1.16 551%  93+£047  55.0%

AgNP/TPU 21.1 £1.03 35.3% 8.1+041 35.0%

3.2. Morphology

The morphologies of the CNTs and AgNPs were firstly observed using SEM. The
addition of CNTs in the reaction process is equivalent to providing a nucleating agent
for the AgNPs, which reduced the size of the AgNP crystals while increasing the
reaction rate [29,30]. Also, the AgNPs act to prevent interactions between the
neighboring CNTs, which reduces CNT agglomeration. From Fig. 4a, it is clear that the
AgNPs are not only well distributed in the CNTs but also have a small size (the diameter
of the AgNPs is no more than 100 nm). From Fig. 4b, the size of the formed AgNPs
slightly increased because of the decrease in the amount of CNTs, and the AgNPs
remained well distributed in the CNTs. In this case, the silver nanoparticles are spherical
and less than 150 nm in diameter. From Fig. 4c, the AgNPs show obvious agglomeration
in the CNTs. Additionally, numerous AgNPs with sizes above 300 nm can be observed;
its morphology is mostly lamellar or flaky, which is mainly attributed to the silver
nanoparticles being highly unstable and tending to aggregate together or undergo
Oswald maturation [31,32].

EDS analysis was conducted for the samples shown in Fig.4a, b, and ¢ respectively.
Fig. 5 shows the EDS results for the elemental analysis. The strong EDS signals can be
attributed to the hybrid nanofillers and also used to examine the chemical composition of

the nanomaterials [31,33]. The EDS spectrum in Fig. 5 consists of peaks for carbon,



silver, oxygen, sodium, and silica, while the peaks for oxygen, sodium, and silica are very
weak. The amount of silver increases as the amount of CNTs decreases during the AgNPs
nucleation reaction. As expected, the ratios of the carbon and silver elements are close to
10, 5, and 2, respectively.

A clear multi-layer structure with a thickness of ~200 pm for each layer can be
seen in the printed nanocomposites (Fig. 4d). Additionally, there were some voids in the
printed samples despite the good interlayer adhesion. The dispersion of the CNTs and
AgNPs in the TPU matrix is shown in Fig. 4e and Fig. 4f. When the cross-section of
sample was irradiated by the SEM, unlike CNT/TPU, the CNT/AgNP/TPU was
significantly brighter, indicating that the CNT/AgNP/TPU had a higher conductive path
density than CNT/TPU. The bright white spots are attributed to the conductivity of the
AgNPs, which is higher than the CNTs. In Fig. 4e, a large number of clustered CNTs
were observed. This is mainly due to the strong van der Waals force between the CNT
molecules, which caused formation of loose agglomerates. Fig. 4f shows that the CNT
and AgNP nanofillers are uniformly dispersed. When the AgNPs were added between
the CNTs, they form a hierarchical CNT/AgNP system that inhibits the agglomeration

of CNTs, thereby producing a good dispersion.



Fig. 4. SEM micrographs of the CNT/AgNP nanofillers and the cross-sections of
nanocomposites: (a) CNT/AgNP (10:1), (b) CNT/AgNP (5:1), (c) CNT/AgNP (2:1), red
circles indicate the AgNPs, (d-e) CNT/TPU, (f) CNT/AgNP (5:1)/TPU. It should be
noted that the specimens in (e) and (f) are not gold sputtered to observe the conductive

network based on the rich secondary electrons emitted from the conductive nanofillers.
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Fig. 5. Energy dispersive spectrum of hybrid nanofillers: (a) CNT/AgNP (10:1),

(b) CNT/AgNP (5:1), (c) CNT/AgNP (2:1).

3.3. Electrical resistivity measurement

Changes in the resistivity of the nanocomposites with different hybrid nanofillers is
shown in Table 4. In the cross-layer direction, the resistivity of the printed sample is
nearly 7 times lower than that of the through-direction. This can be attributed to the
slight orientation of the CNTs during extrusion and 3D printing, which results in the
reorganization of the conductive network structure with a preferential alignment in the
extrusion/print direction and thus higher conductivity in that direction [34]. The
resistivity of the printed samples decreases first and then increases with increasing
AgNP content. In the cross-layer direction, the resistivity of the CNT/TPU is 3.17x104
Q-'m, the resistivity of CNT/AgNP(5:1)/TPU with a weight ratio of 5:1 between the
CNTs and AgNPs is 1.23%10* Q-m, and the resistivity of the AgNP/TPU is as high as
5.36x10° Q-m. The resistivity of the printed sensors initially decreases with the addition
of AgNPs for the following reasons: first, the conductivity of AgNPs is better than that
of CNTs [35]; second, the silver nanoparticles prevent agglomeration of neighboring
carbon nanotubes, facilitating the formation of conductive pathways [6,14]. Fig. 6a
shows that it is difficult to control the intertwining between CNTs. However, the
synergistic effects between AgNPs and CNTs (weight ratio 5:1) further complement the
conductive network in the polymer matrix (Fig. 6b) [36,37]. On increasing the amount
of AgNO;, the AgNPs increase in size due to agglomeration, resulting in an easily

collapsible, less-packed conductive network inside the elastomer matrix, as shown in



Fig. 6¢c. In Fig. 6d, the high resistivity of the AgNP/TPU composite may be mainly
attributed to the significant agglomeration of AgNPs during the reaction, which reduced
the dispersion of AgNPs in TPU.

Table 4. Electrical resistivity of the 3D printed strain sensors.

Samples Resistivity (Q-m)
Cross-layer Through-layer
CNT/TPU 3.17x104 2.01x10°
CNT/AgNP(10:1)/TPU 2.01x104 1.21x10°
CNT/AgNP(5:1)/TPU 1.23x104 8.34x10*
CNT/AgNP(2:1)/TPU 4.74x104 3.29x10°
AgNP/TPU 5.36x10° 3.75x10°
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Fig. 6. Schematic diagram of CNT/AgNP network in nanocomposites: (a), (€)
CNT/TPU; (b), (f) CNT/AgNP(5:1)/TPU; (c), (g) CNT/AgNP(2:1)/TPU; (d), (h)

AgNP/TPU.

3.4. Electromechanical performance

All the 3D printed sensors exhibited a steady increase in resistance under
monodirectional loading, indicating a clear electromechanical response. Generally,
better nanofillers dispersion contributed to improvements in the sensitivity and linearity
of the strain sensors. It can be observed in Fig. 7 that the CNT/TPU strain sensors have
the lowest sensitivity (GF = 2.97 at a strain of 50%) and linearity (R?= 0.83) of all the
printed samples, which can be attributed to the numerous CNT agglomerates in the TPU
matrix (Fig. 6e). These results indicate that the use of CNTs alone may not be an
appropriate strategy for the fabrication of high-sensitivity strain sensors. In fact, the
CNT-based strain sensors reported to date have generally demonstrated limited
sensitivity [38,39]. With the addition of AgNPs, the sensitivity and linearity of the
sensor is significantly improved. Upon the introduction of a small amount of AgNPs at
a CNTs:AgNPs weight ratio of 10:1, the gauge factor (GF = 5.49 at a strain of 50%) and
linearity (R? = 0.91) of the sensor simultaneously increase. When the weight ratio of
CNTs:AgNPs is 5:1, the gauge factor (GF = 15.2 at a strain of 50%) and linearity (R?=
0.97) further increase. This can be explained by the synergy between the CNTs and
AgNPs in terms of spatial distribution of each NP with the AgNPs acting as a spacer
that prevents interaction between neighboring CNTs as well as tailoring the conductive

pathways (Fig. 6f). When the amount of AgNPs relative to CNTs is further increased



(ratio of CNTs:AgNPs is 2:1) the sensitivity of the sensor decreases significantly (GF =
8.01 at a strain of 50%). This behavior may be attributed to an increased amount of
AgNP agglomerates [40]. However, the linearity of this sample slightly increased (R*=
0.99), which might be associated with the limited presence of free carbon nanotubes in
the composite (Fig. 6g) [14]. It should be noted that because of the poor conductivity of
the AgNP/TPU composites with increased AgNP agglomeration (Fig. 6h), the printed
sensor lost its response signal at small strains, thus it is not shown in this paper. At a
strain of 250%, the GF wvalues for the sensors based on CNT/TPU,
CNT/AgNP(10:1)/TPU, CNT/AgNP(5:1)/TPU, and CNT/AgNP(2:1)/TPU are 1389,
2653, 43260, and 12396 respectively. The non-linear behavior of the sensors at strain
levels above 50% is related to the non-linear strain-sensitivity of the matrix polymer
[41]. When the strain exceeds 250%, the conductive network in the sensors was
significantly damaged, resulting in a rapid increase in the AR/R, of the strain sensor (the
response signal is hard to be monitored). Therefore, the maximum detectable range of

the sensors is about 250% strain.

In general, the printed CNT/AgNP(5:1)/TPU sensors exhibit excellent performance
in terms of sensitivity, linearity, and detectable strain range compared with other
recently reported strain sensors (see Fig. 8)[1,4,5,8,14,20,41-47]. Fig. 9 shows the
instant response of the sensors. The lowest response time (57 ms) for the printed sensor
occurs when CNT:AgNP = 5:1. This short response time is superior to that reported for
many flexible sensors [42-48]. By way of example, Ge et al. [48] prepared a flexible

strain sensor with a relatively low response time of 75 ms using rGO/polyaniline



wrapped polyurethane sponge. The very low response time for CNT/AgNP (5:1)/TPU
strain sensor can be attributed to the following two aspects: first, the strain sensor has
high sensitivity to accurately recognize minute strain, reducing time delay at the
initiation of deformation; second, the addition of AgNPs improves the dispersion of

CNTs in the polymer matrix, which is beneficial to the rapid response of the sensor.
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Fig. 7. Gauge factor of the printed strain sensors as a function of strain.
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Fig. 9. The response time of the strain sensors with different CNT:AgNP weight
ratios under cyclic loading/unloading processes: (a) CNT/TPU, (b) CNT/AgNP
(10:1)/TPU, (c) CNT/AgNP (5:1)/TPU, (d) CNT/AgNP (2:1)/TPU.

The printed CNT/AgNP(5:1)/TPU sensor was also investigated under cyclic
loading/unloading at different strains with a frequency (v) of 0.1 Hz. As shown in Fig.
10, the AR/R, of the sensor responded consistently to the loading/unloading cycles at
strains (&) of 5%, 10%, and 30%, indicating that the sensor is capable of sensing
multiple strain deformations. The AR/R of the strain sensor increased in tandem with
the strain, which indicates the strain dependence of the sensor. The reason for the
increase in the relative resistivity can be attributed to the increased damage to the
conductive network with increasing strain.

To further investigate the effect of the CNT and AgNP content on the sensitivity of
sensor under cyclic loading/unloading, the relative change in the resistance of the
printed samples were compared at the same strain and frequency (¢ = 30%, v = 0.1), as
shown in Fig. 11. It can be seen that CNT:AgNP(5:1)/TPU has the highest relative
resistance change (AR/Ry = 176) at the same loading conditions, which is consistent
with the conclusion above in Fig.7. This indicates that the carbon nanotubes and silver
nanoparticles have a more synergistic effect when CNT:AgNP = 5:1. The damage to the

conductive network is sensitive to strain, and the sensitivity of the sensor is higher.
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Fig. 10. Relative resistance change of the strain sensors with different CNT:AgNP
weight ratios under cyclic loading/unloading processes at different strains (5%, 10%,
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CNT/AgNP (5:1)/TPU, (d) CNT/AgNP (2:1)/TPU.
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Fig. 11. Relative resistance changes of the strain sensors with different CNT:AgNP
weight ratios at a cyclic strain of 30% and a frequency of 0.1 Hz.
The relative resistance change of the CNT/TPU and CNT/AgNP(5:1)/TPU strain

sensors at a cyclic strain of 30% and frequencies of 0.01, 0.1, 0.2, and 1 Hz is shown in



Fig. 12. All the sensors exhibit excellent responses over this wide testing frequency
range. The AR/R, of the sensors increases as the frequency increases, indicating a
frequency dependence. The stiffer mechanical response on increasing the strain
frequency is attributed to a reduction in the molecular mobility of the polymer chains
[49].

Further cyclic stretching/releasing tests (up to 1000 cycles) were performed for the
3D printed strain sensors at a strain of 10% and a frequency of 1 Hz in order to examine
the stability and repeatability of the strain sensing behavior, as shown in Fig. 13. As can
be seen in Fig. 13a, the printed CNT/TPU sensor has a significant increase in resistance
after 700 cycles. This indicates that the agglomeration of CNTs results in a conductive
network structure in the TPU matrix that is more vulnerable to damage. Fig. 13b shows
that the tested strain sensor (CNT/AgNP(5:1)/TPU) has good strain sensing stability
even after 1000 test cycles. During the loading process, the nanofillers tend to reorient
along the in-plane direction following the movement of the polymer chains, which leads
to the continuous destruction and reconstruction of the conducting network [50,51]. The
addition of AgNPs improved the dispersion of the nanoparticles in the TPU matrix and
reduced agglomeration between the CNTs. These agglomerates are more susceptible to
damage and reorientation during stretching, which results in reduced sensitivity,

durability, and linearity of the sensor [50,52].
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Fig. 12. Relative resistance change of the 3D printed strain sensors during cyclic
loading at a strain of 10% and a frequency of 0.01, 0.1, 0.2, and 1 Hz: (a) CNT/TPU, (b)

CNT/AgNP(5:1)/TPU.
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Fig. 13. Stability of the 3D printed strain sensors over 1000 cycles at a strain of 10%

and a frequency of 0.1 Hz: (a) CNT/TPU, (b) CNT/TPU (5:1)/TPU.

3.5. Modeling and mechanism

Polymer/CNT nanocomposites exhibit a conducting behavior, which can be



explained as the individual tunneling of electrons from the first CNT electrode to the
next-nearest CNT electrode, forming a CNT/polymer pathway [53]. To better
understand the sensing mechanism in printed sensors, modeling studies were carried out
[54,55]. According to the model derived from tunneling theory by Simmons [42], the

total resistance R of a composite can be calculated using Eq. (4):

L 8mhs
R = Runnet + Ren = (N) (3yazez)exp (vs) 4)
4m2me
= h (5)

where R, is the resistance of the CNTs, which is mainly affected by the
conductivity and diameter of the CNTSs, Ryynneiing 1s the tunneling resistance between
two neighboring CNTs. L is the number of particles that form a single conductive path,
N the number of conducting paths, h the Planck’s constant, s the shortest distance

2 the effective cross-section area, e the electron

between conductive particles, a
charge, m the electron mass, and ¢ the height of the potential barrier between
particles. Additionally, the CNTs can be modeled by a resistance network (Fig. 14). R,
is much less than Riypneiing at a low filler content. At this point, the resistance of the
CPCs is mainly determined by the tunneling effect, and the effect of R, on the
network is negligible. As the strain increases, both the tunneling distance and the
change in conductive path markedly increase.

The application of strain to composite changes the resistance because of particle

separation and the interparticle distance changes linearly and proportionally (for small

strains) with increased strain from sy to s. This can be expressed as follows:

s =so(1+C(7)) = st + Cp) 6)



where ¢ is the tensile strain of the composites, Al is the deformation of the

composites samples, and [, is the initial length of the sample, and C is a constant with
different values in different material systems.
The non-linear rate of resistivity increase at larger applied strains can be

represented by Eq. (7):

N, 7
T exp (Me+ We2 + U + Vet ( )

where M, W, U, and V are constants. Substitution of Eq. (7) and (6) into Eq. (4) gives

Eq. (8):
R=B(1+ Ce)exp [A+ (M + AC)e +We? +Ue3 + Vet (8)

8mhns, . . .
where A = ys,B = %, and n is the total number of conductive particles (n = L

X N).

Fig. 15 shows that this equation models our experimental data well. The fitting
parameters A, B, C, M, W, U, and V are listed in Table 5. Fig. 16a and b, show the
change of the tunneling distance (change of TD, y = Cx) and the number of conductive
pathways (change of CP, y= Mx+Wx? +Ux3 +Vx*) against strain, respectively. The
tunneling distance generally increases linearly with strain. Upon deformation, the
number of conductive pathways in CNT/AgNP(5:1)/TPU decreased more significantly
than that in the CNT/AgNP(2:1)/TPU, and the CNT/TPU exhibits the lowest rate of
change among all the tested samples. Additionally, the tunneling distance in the
CNT/AgNP(5:1)/TPU increases at a higher rate than that in the CNT/AgNP(2:1)/TPU
and CNT/TPU. The change of TD and CP verify that the CPCs with CNT/AgNP(5:1)

have a greater synergy between the hybrid nanofillers in the TPU matrix because the



conductive network has fewer entanglements. This results in the conductive network
deforming significantly under strain. This indicates that the effect of AgNPs on
conductive network may be different for the samples with or without deformation. The
AgNPs can bridge the CNTs to form more conductive pathways for the unstrained
samples. However, when strain is applied to the CNT/AgNP/TPU samples, the

destruction of conductive network is facilitated due to fewer entanglements.

Tunneling Current

Polymer Ritunnel

Fig. 14. Two-step modeling of the tunneling resistance in the resistor network.
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strain-resistance relationship of the printed sensors.
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Fig. 16. Change of the (a) tunneling distance and (b) the conductive pathways as a
function of strain for the strain sensors.

Table 5. Parameters obtained by fitting the strain-resistance curves of the printed

Sensors.
Samples A B C M W U \4
CNT/TPU 0.5855 6.055x10° 0.001070  0.004200 9.145x104 -3.486%x10° -5.226x108

CNT/AgNP(10:1)/TPU  0.4866 9.714x10% 0.07407  0.001232  0.001870 -1.847x10°  6.597x108

CNT/AgNP(5:1)/TPU  0.3210 1.441x10° 0.1202 0.05124  0.003430 -4.410x10°  2.142x107

CNT/AgNP(2:1)/TPU  0.4336 1.851x107 0.07797  0.01127  0.001671 -1.759%10°  5.523x1077

3.6. Applications

Because of their excellent sensitivity, linearity, detectable range, stability, and
response speed, the printed CNT/AgNP(5:1)/TPU strain sensor should have excellent
potential for use in wearable medical devices etc. A number of potential applications
including human motion detection such as finger movements and bending at the wrist
were evaluated and the results are shown in Fig. 17. When the strain sensor was

attached to the index finger, bending of the finger could clearly be detected, with



different responses for various bending degrees (Fig. 17a). For example, the AR/R,
reached 5% at a bending angle of 30°, and it increased to 20% at a bending angle of
120°. The change of the relative resistivity was proportional, which further indicated
that the printed strain sensor had a high linearity. Fig. 17b shows the response of the
strain sensor to wrist bending. The AR/R, response was 7.5% at a bending angle of 30°,
and this increased to 28.3% at a bending angle of 90°. The sensor was then used to detect
the opening of the mouth. For this, the flexible sensor was attached to the cheek (Fig.
17¢). In addition to these large movements, other small-scale human physiological
activities were also recorded. As shown in Fig. 17d, our printed sensor could be utilized
to monitor the swallowing process. When a volunteer swallowed, the sensors deformed
because of the muscle movement near the esophagus, and there was a significant
corresponding resistance change of the sensor due to its high sensitivity. In addition, the
resistance of the printed sensor is almost not changed at 20-60 °C (Fig. S1 in Supporting
Information), indicating a wide operating temperature for monitoring human and robot

motions etc.
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Fig. 17. Electromechanical responses of the printed sensor to repeated bending and

unbending of (a) index finger and (b) wrist, (¢) mouth opening, and (d) swallowing.

4. Conclusions

In this study, high-elastic strain sensors of ternary CNT/AgNP/TPU composites
were prepared via 3D printing, and AgNPs were synthesized in the presence of CNTs
and introduced to improve the electrical and sensing properties of the composites. The
main reason for introducing the AgNPs in this study was to reduce the interaction
(entanglement potential) between neighboring CNTs and also to tailor the conductive
pathways between the composites comprised of AgNPs and CNTs. Compared with the
printed CNT/TPU nanocomposite, the resistivity of the CNT:AgNP(5:1)/TPU decreased

2.58 fold. The sensor exhibited a high sensitivity (GF = 43260 at a strain of 250% for



the printed CNT:AgNP (5:1)/TPU sensor), a wide detectable strain range (up to 250%)
and a linearity close to 1. Additionally, this sensor exhibited regular frequency
responses within the test frequency range (0.01-1Hz) indicating the potential for
monitoring frequency changes. Furthermore, this sensor exhibited excellent stability and
repeatability during cyclic strain testing for up to 1000 cycles. Based on tunneling
theory, the strain sensor mechanism was modeled and the experimental data was in
good agreement with the theoretical equation. The ability of the sensor to monitor
human motions, including finger movements, joint movements, mouth opening, and
swallowing was also demonstrated. This work provides guidelines for the 3D printing of
high-performance flexible strain sensors with potential applications in intelligent robots,
prosthetics, and wearable devices where complex design and customizability are

required.
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