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Sustainable Thermoplastic Elastomers-Based Nanocomposites and Their 

3D Printing for Flexible and Stretchable Sensors†

Xun Liu,1 Naifu Shen,1 Jinyu Bu,1 Muxuan Yang,1 Xin Guan,1 Weinan Xu1,#,*

1 School of Polymer Science and Polymer Engineering, The University of Akron, Akron, OH 
44325 USA

ABSTRACT

Stretchable and wearable electronics and devices have brought unprecedented opportunities for 
many applications including robotics, biomedicine, and artificial intelligence. The fundamental 
materials that enable such applications generally involve soft conductors that combine 
conductive nanofillers with soft matrices. However, most current soft conductors rely on 
conventional soft elastomers such as silicone rubber and polyurethane, which are produced 
from petrochemicals with limited sustainability. In this study, we developed a series of soft 
nanocomposites based on the integration of sustainable biobased thermoplastic elastomer 
polystyrene-b-polyfarnesene-b-polystyrene (SFS) with carbon nanofillers of different 
dimensions (2D graphene, 1D carbon nanotube, or 0D carbon black). Importantly, SFS and its 
nanocomposites are fully compatible with extrusion-based 3D printing. We demonstrated 
pellet 3D-printing of SFS nanocomposites into functional and customizable 3D structures. The 
mechanical and electrical properties as well as dynamic responses to mechanical deformation 
of SFS nanocomposites were systematically investigated for their promising applications in 
wearable sensors and environment monitoring. We found the type/geometry of carbon 
nanofillers, the ratio between different types of nanofillers, as well as processing conditions 
(3D printing vs casting) have significant effects on the electrical properties and strain sensor 
performance. Such 3D printable soft and sustainable nanocomposites provide a new material 
platform for applications in soft electronics/robotics and human-machine interfaces.

* Corresponding author email: wxu18@utk.edu
# Present Address: Department of Materials Science and Engineering, The University of Tennessee, Knoxville, TN 37996 
USA
† Electronic supplementary information (ESI) available: additional characterization of the SFS copolymer and nanocomposites, 

including GPC, Raman, tensile testing, mechanical and electrical properties data. A detailed description of the analytical 

modeling of the resistance change as a function of mechanical strain is also included. 
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1. Introduction

Stretchable and wearable electronics and sensors are critical components in human-
machine interfaces and soft robotics.1–4 In order to fabricate such soft and stretchable 
electronics and sensors, one critical component is materials that are stretchable, conductive, 
and have fast and tunable responses to mechanical deformation.5,6 The most common method 
to achieve such properties is by combining a soft elastomer matrix with electrically conductive 
nanofillers. The commonly used soft matrices for such purposes include silicone elastomers 
(polydimethylsiloxane),7,8 polyurethane,9 natural rubber,10–12 synthetic rubber13, thermoplastic 
elastomers (TPEs)14 as well as certain types of hydrogels.15,16 The commonly used conductive 
nanofillers include metal nanoparticles (NPs),17,18 nanowires,19 carbon nanomaterials,20–23 and 
liquid metals.24 

Despite the significant progress and excellent performance achieved for such conventional 
conductive soft nanocomposites, there are several key issues that need to be addressed. Firstly, 
most of the current elastomers used as soft matrices are chemically synthesized from 
petrochemicals, whose sustainability and recyclability are usually very limited.25 Secondly, the 
majority of the elastomers and their nanocomposites are not compatible with 3D printing 
technologies due to their chemically crosslinked structure or unsuitable rheological properties. 
Thirdly, it is challenging to achieve high sensitivity and stability for both small strains and 
large strains in the same soft nanocomposite system.26 

To overcome those limitations, in this study, we develop a new soft and 3D printable 
nanocomposite system based on biobased sustainable TPEs and their composites with the 
incorporation of multiple types of carbon nanomaterials. TPE is a category of polymers that 
combines rubber elasticity with melt processability of thermoplastics.27,28 This is enabled by 
their unique molecular structures which contain both a soft elastic/rubbery block and a hard 
block, the hard blocks act as physical crosslinks to enhance their mechanical strength and 
stability. One of the most commonly used types of TPEs is styrenic TPEs which have a rubbery 
soft block and polystyrene hard block, representative examples include polystyrene-b-
polyethylene/butylene-b-polystyrene (SEBS), polystyrene-b-polybutadiene-polystyrene (SBS), 
and poly(styrene-b-isobutylene-b-styrene) (SIBS).29 However, those conventional styrenic 
TPEs are based on chemical synthesis with petrochemicals, which have limitations in terms of 
sustainability and life cycle. 

In recent years, biomass-derived materials and monomers have been used for the synthesis 
of TPEs,30,31 which provides a new method to enhance the sustainability and carbon emission 
of TPE production.32,33 Terpenes, which are naturally abundant and originated from plants are 
well-suited to this purpose. For instance, one important type of terpenes, β-farnesene, which 
can be derived from the fermentation of sugar from natural plants, especially sugar cane,34,35 
has been utilized as a biobased monomer to copolymerize with styrene to synthesize new types 
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of styrenic TPEs.36,37 Such farnesene-based sustainable TPE will be used as the soft and 
functional matrix in our study.

Besides the benefits in material sustainability, the use of functional TPEs as the soft matrix 
for soft electronics/sensors also makes it possible to use 3D printing as a novel method for their 
fabrication.38,39 Compared with conventional processing and fabrication such as casting, 
molding, or extrusion, 3D printing of polymer composites enables customizable and complex 
3D geometry fabrication, 40–42less material waste,43,44 low tooling cost and reduced lead time45–

47. The use of 3D printing technologies for the fabrication of soft and wearable sensors is 
becoming more and more popular, as demonstrated by many recent reports48,49. Due to the melt 
processability of TPEs and their composites, theoretically, they are compatible with extrusion-
based 3D printing. However, the most commonly used extrusion-based method, i.e. fused 
filament fabrication (FFF), is generally not suitable for printing soft elastomers and composites 
due to issues like filament buckling, poor object/bed adhesion, and unsuitable melt 
viscosity.50,51 Direct ink writing (DIW) has also been used to fabricate 3D composite structures 
with TPE as the soft matrix and showed unique dielectric and optical properties.52,53 But the 
DIW method requires the use of organic solvents and rheological modifiers, which are not 
desirable for many applications.54,55 

Pellet extrusion-3D printing can potentially overcome those issues and be used for the 
fabrication of soft electronics/sensors. Compared with the conventional FFF method, pellet-
extrusion method can directly use polymer pellets as the feedstock, which are loaded into an 
extruder that is directly connected to the printing head.56 Pellet 3D printing also reduces thermal 
degradation compared to FFF, which helps maintain its structure and physical properties57,58. 
Moreover, it has major advantages of scalability and time and cost saving. It does not require 
filament fabrication step, which significantly reduces production time and raw materials cost. 
Although pellet 3D printing exhibits those major advantages, their adoption in the fabrication 
of soft/stretchable devices using elastomer composites has not been investigated in detail, and 
this direction holds great potential for further expanding the applications of pellet 3D printing. 

In this work, we developed a new sustainable and 3D-printable nanocomposite system that 
has excellent elasticity, stretchability, tunable internal structures, and strain-dependent 
electrical properties. Our soft nanocomposites are based on the integration of polystyrene-b-
polyfarnesene-b-polystyrene (SFS) with two types of carbon nanofillers (carbon nanotube and 
graphene or carbon nanotube and carbon black) with different geometries. Importantly, such 
soft nanocomposites are fully compatible with pellet 3D printing, which enables the fabrication 
of customizable and functional structures. The SFS nanocomposites show excellent 
stretchability (> 1500%), comparable modulus to human skins,59 and highly tunable electrical 
conductivity. Their electrical responses to mechanical strain are highly dependent on the 
nanofiller types and ratio, nanofiller loading, as well as composite processing techniques. Very 
high gauge factors (GF) of over 3000 can be achieved for strains in the range of 300-500%. 
We also demonstrate that such SFS nanocomposites can be used for human motion sensing and 
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environment monitoring with high and consistent performance. 

2. Experimental Section

2.1 Materials  
SFS polymer (SEPTON BIO SF904) is provided by Kuraray Co., carbon black (BP2000) was 
purchased from Cabot. Multiwall carbon nanotube was purchased from MSE supplies (Outer 
Diameter: 10-15 nm, Purity >99%), graphene was purchased from Tianyuan Empire (No. of 
layer: 1~4 (≥95%)). Toluene and other solvents were purchased from Fisher Scientific. All 
chemicals were used as received without further purification.

2.2 SFS nanocomposites and pellets preparation  
The carbon nanomaterials (CNT and CB, or CNT and Graphene) were mixed in a 
predetermined ratio and then dispersed in toluene. The solution was bath sonicated for 1 hour 
to achieve homogeneous dispersion of the nanofillers. Then a corresponding amount of SFS 
polymer was added to the solution and stirred until the polymer was completely dissolved. The 
composite solution was then cast into a glass petri dish and the solvent was evaporated to form 
a solid composite membrane. The composite membrane was then cut into small pieces (4x4 
mm) with scissors and used as the feeding stock for pellet 3D printing.

2.3 Pellet extrusion 3D printing  
SFS or its composite pellets were loaded into the hopper of a desktop pellet-extrusion 3D 
printer (Tumaker NX Pro). The printer is equipped with two vertically aligned miniature screw 
extruders for extruding granules. Two independent heating zones in each extruder provide 
accurate temperature control. The screw has a diameter of 8 mm, an L/D ratio of 7.5, and a 
compression ratio of 1.7:1. The printing nozzle diameter is 800 µm. The printing temperature 
was set at 175 °C for pristine SFS, and 205 °C for SFS nanocomposites. The build plate 
temperature was set at 80 °C. The layer height was set at 0.2 mm. The printing speed can be 
varied from 4 to 20 mm/s. The printing head moves in the x and y directions controlled by the 
digital model while the build plate moves in the z direction. The 3D models were built using 
SolidWorks and the slicing was done with SuperSlicer.

2.4 Characterization
Scanning electron microscopy (SEM) was conducted using a JEOL-7401 FE-SEM at 5 kV 
accelerating voltage. Fourier transform infrared (FTIR) spectra were collected (Nicolet iS50, 
Thermo Scientific) in attenuated total reflection mode. The data were an accumulation of 128 
scans at a resolution of 4 cm–1 in the range of 4000–400 cm–1. GPC experiments were carried 
out using Tosoh EcoSEC HLC-8320 with THF as the solvent at a flow rate of 1 mL/min and 
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40 °C. Thermal stability was studied by thermogravimetric analysis (TGA) (TA Q50). The 
temperature range was from room temperature to 600 °C at a heating rate of 10 °C min-1. The 
experiment was conducted under a nitrogen atmosphere. Hardness was determined with a 
Shore A Digital hardness tester according to ISO 868-1986. Raman spectra were collected with 
a Renishaw inVia confocal Raman microscope with an excitation wavelength of 514 nm. 
Differential scanning calorimetry (DSC) was performed on TA Instruments Q200 with 
aluminum hermetic pans. Tensile tests were conducted with an Instron 5567 Tensile Tester 
according to the ISO 37 standard procedure. The electrical properties of the nanocomposites 
and strain sensor performance were measured using a Keithley 2400 source meter. The 
programmed or cyclic stretching and relaxing were done with a custom-built automated biaxial 
stage with AC brushless servo motors (Parker Hannifin SM231AL-NPSN). 

3. Results and Discussion

3.1 Structure and properties of sustainable SFS elastomer
The TPE used in our study is a triblock copolymer composed of biobased monomer β-

farnesene and styrene. Its synthesis and chemical structure are shown in Figure 1a. The two 
blocks at both ends are polystyrene, and the middle block is polyfarnesene, so it is named SFS 
in this manuscript (S stands for polystyrene, and F stands for polyfarnesene. The hard 
polystyrene blocks act as physical crosslinks to enhance the mechanical strength and stability 
of the SFS. The molar mass of SFS (Mn = 54.0 kDa, Ð = 1.24, see Figure S1) was determined 
using GPC. The weight fraction of the polystyrene block of SFS in our study is 21%, and the 
elastomer has a hardness of 25 Shore A. The main role of the polystyrene (PS) block is to 
enhance the mechanical strength, while maintaining the melt processability of the resulting 
copolymer. The middle polyfarnesene block is hydrogenated to enhance the thermal and 
chemical stability of the SFS copolymers. From the chemical structure of SFS, it can be seen 
that the β-farnesene repeating unit forms short branches from the backbone, such unique 
bottlebrush-like structure in the soft middle block further contributes to the softness and 
flexibility of SFS. 
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Figure 1. (a) Schematic of the synthesis and chemical structure of SFS elastomer. (b) 1H NMR spectrum 
of SFS. (c) DSC of SFS shows two glass transitions of the hard and soft blocks. Inset shows the AFM 
phase image of a SFS thin film. (d) Representative tensile stress-strain curves of SFS. (e) Cycling tests 
of SFS with a maximum strain of 200%, 400%, 600%, and 800% at a rate of 200 mm/min, ten cycles 
of testing at each maximum strain are shown. Inset shows the elastic recovery ratio of SFS during the 
cyclic tests with different maximum strains. 

We systematically characterized the structure and properties of SFS. The 1H NMR 
spectrum confirms the chemical structures of SFS with the corresponding locations labeled 
(Figure 1b). The DSC data (Figure 1c) shows two glass transition temperatures, the one at -66 
oC corresponds to the glass transition of polyfarnesene block and the one at 100 oC corresponds 
to the glass transition of polystyrene block. The broad exothermic peak at about 35 oC is 
attributed to the twisting and alignment of the aromatic centers along an ordered axis of the 
polystyrene block60. AFM characterization of SFS (Figure 1c inset) shows well-defined 
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microphase-separated morphology between the polystyrene and polyfarnesene blocks. The 
bright spherical domains correspond to PS and the dark matrix corresponds to the 
polyfarnesene domain.

One of the most important features for choosing SFS as the polymer matrix for the 
fabrication and 3D printing of soft sensors is its mechanical properties. The representative 
tensile stress-strain curves of SFS (samples prepared by compression molding at 165 oC for 60 
mins.) are shown in Figure 1d. The SFS shows an average tensile strength of 5.0 MPa, 
elongation at break of 1030%, Young’s modulus of 0.9 MPa, and M100 modulus (strength at 
100% elongation) of 0.35 MPa. The SFS material exhibits a relatively low modulus, making it 
highly suitable for use as soft and wearable sensors and devices that require excellent 
compliance and comfort when in contact with the human body. Such mechanical properties are 
better (especially higher elongation at break) or comparable with other commonly used soft 
materials for flexible sensors and electronics including PDMS and polyurethane.7,61 

Cyclic tensile testing with different maximum strains was also conducted on SFS (Figure 
1e), it can be seen that after the first loading-unloading cycle, the 2nd loading shows an obvious 
softening or decrease in modulus, and then the following cycles closely match each other. This 
can be explained by the classic Mullins effect.61–63 During the first stretching, there is some 
extent of disentanglement of polymer chains and physical crosslinking, as well as slippage of 
molecular chains, so that hysteresis under cyclic loading and strain-softening occur.64 The 
elastic recovery ratio of SFS during the cyclic tests is shown in Figure 1e inset, which further 
shows that after the first loading cycle, the SFS maintains stable and fully reversible (> 99% 
recovery) against mechanical deformation, which is beneficial for its application in flexible 
electronics and sensors. 

3.2 Pellet 3D Printing of SFS Elastomer
The SFS elastomer and its nanocomposites are compatible with extrusion-based 3D 

printing because they are not chemically crosslinked. The most commonly used method for 
extrusion-based 3D printing is fused filament fabrication (FFF), which involves the melting 
and extrusion of a plastic filament from a heated nozzle on the platform in a layer-by-layer 
manner. However, FFF is not suitable for printing soft elastomers because soft filaments cannot 
be consistently and continuously extruded without buckling. Moreover, the filament fabrication 
process adds additional cost and time to the process. In this study, we overcome this issue by 
using pellet 3D printing for SFS and its composites. In comparison with FFF, pellet 3D printing 
(Figure 2a) can use polymer pellets directly without the need for filament fabrication, which 
reduces production time and raw materials cost. Moreover, it enables a broader selection of 
materials, soft TPEs such as SFS are fully compatible with the printing process. 
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Figure 2. (a) Schematic of pellet-extrusion 3D printing. (b-e) Representative 3D structures printed from 
SFS pellets, including (b) inverted bowl, (c) pentagon prism, (d) circular tube, and (e) cubic dice. The 
first column is the 3D model, the second column is the top view, and the third column is the tilted view. 
(f) Cross-section SEM of the 3D-printed SFS structure. (g) Representative stress-strain curves of pellet 
3D-printed SFS with different printing directions. The inset shows the photo of a typical 3D-printed 
dogbone with 45o printing direction. (h) Cycling tests of 3D-printed SFS with a maximum strain of 
400%, 800%, 1200%, and 1600% at a rate of 200 mm/min, ten cycles of testing at each maximum strain 
are shown. Inset shows the elastic recovery ratio of SFS during the cyclic tests with different maximum 
strains.

The main parameters that need to be controlled and optimized during pellet 3D printing of 
SFS include loading chamber temperature (inside the single screw extruder), nozzle 
temperature, and printing bed temperature, which is set at 150 oC, 175 oC, and 80 oC, 
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respectively. The nozzle diameter is 0.8 mm and layer height is set at 0.2 mm. Those parameters 
are determined after varying them in a range and optimization based on the final printing 
quality. Representative 3D structures with different geometries such as inverted bowl and 
pentagon prism are shown in Figure 2b-e. High printing quality and shape fidelity are achieved, 
and the difference between actual dimensions and the corresponding digital model is within 
3%. The pellet 3D-printed structures also have dense and solid internal structure, as shown by 
the cross-section SEM image in Figure 2f. The surface and edge of the printed structure still 
shows layered morphology that is typical for extrusion-based 3D printing (Figure S2).

We also studied the mechanical properties of SFS structures fabricated by pellet 3D 
printing (printing temperature of 175 °C). It is known that the mechanical properties of 3D 
structures by extrusion-based 3D printing generally depend on the printing direction. For 
instance, for the pellet 3D-printed dogbone samples, printing direction of 0°, 90°, or 45° means 
the traveling path of the printing nozzle is parallel, perpendicular, or has a 45° angle in 
reference to the long axis of the dogbone. Tensile testing of the samples printed with those 
three directions shows very similar mechanical properties (Figure 2g). For instance, The 
average tensile strength is 4.69, 4.63, and 4.11 MPa for samples with printing directions of 0°, 
45°, and 90°, respectively. The average Young’s modulus for the samples with printing 
direction of 0°, 45°, and 90°, are 1.10, 0.89, and 0.89 MPa, respectively. Those values are also 
very close to SFS structures made by compression molding.

Interestingly, the elongation at break for the pellet 3D-printed samples is about 2000%, 
which is much higher than that of compression-molded SFS (about 1000%, Figure 1d). The 
main reason for such a difference is probably that during pellet 3D printing, SFS chains are 
thermally processed in the extruder for a longer time compared with compression molding, 
such thermal annealing effect leads to a denser and better-ordered internal structure. Cyclic 
tensile testing with different maximum strains was also conducted on pellet 3D-printed SFS 
(Figure 2h, see also Figure S3). Obvious hysteresis and strain-softening occur during the first 
stretching, and then the structure becomes stable and fully recoverable during subsequent 
mechanical deformation with an elastic recovery ratio over 99%. 

3.3 SFS nanocomposites preparation and their morphologies

In order to make soft and conductive structures and devices with SFS as the matrix, we 
incorporated carbon nanomaterials as nanofillers into SFS. The commonly used carbon 
nanomaterials as conductive fillers include graphene, multiwall carbon nanotube (CNT), and 
carbon black (CB), which belong to 2D, 1D, and 0D nanomaterials, respectively. We initially 
tested with only graphene as the nanofiller, but the conductivity of SFS-graphene composites 
is relatively low (10-5 S/m) even with the incorporation of 10 wt.% graphene (Figure S4). In 
order to achieve higher electrical conductivity and sensitivity, in this study we focused on 
combining two types of carbon nanomaterials (CNT and graphene, or CNT and CB) into SFS 
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matrix to create flexible and conductive nanocomposites. The integration of two types of 
nanofillers also enables a wider range of electrical properties and strain responses of the 
nanocomposites, as shown in the next section. Besides enhancing the physical properties, the 
combination of two types of carbon nanofillers also has the benefits of decreasing the overall 
cost of such nanocomposites, because CB has a much lower price than that of graphene or 
CNT.65,66 

Figure 3. (a) Schematic of the SFS-based nanocomposites fabrication process. (b-d) TEM images of 
the graphene (b), CNT (c), and carbon black (d). (e-f) Cross-section SEM images of SFS/CNT/CB 
(90/3/7) (e) and SFS/CNT/Gr (90/5/5) (f) nanocomposites. (g) Demonstration of the mechanical 
flexibility and stretchability of SFS/CNT/CB (90/3/7) nanocomposite. (h) TGA curves for the different 
types of SFS-based nanocomposites fabricated by pellet 3D printing or solution casting. (i) 
Representative tensile stress-strain curves for SFS/CNT/CB (90/3/7) fabricated by pellet 3D printing 
and solution casting. (j) Cycling tests of SFS/CNT/CB (90/3/7) with maximum strain of 800%, ten 
testing cycles at the maximum strain are shown. The inset shows the elastic recovery ratio of 
SFS/CNT/CB (90/3/7) during the cyclic test.

The carbon nanomaterials were mixed with SFS by solution blending and then the 
nanocomposites can be prepared by two different methods: solution casting or pellet 3D 
printing (Figure 3a). We focus on two types of nanocomposites with different combinations of 
carbon nanofillers: SFS/CNT/CB represents SFS composites with CNT and CB incorporated, 
SFS/CNT/Gr represents SFS composites with CNT and graphene incorporated, the weight ratio 
between those components is indicated by the number in the bracket after the name such as 
SFS/CNT/CB (90/3/7). TEM images of the three types of carbon nanomaterials (Figure 3b-d) 
confirm their morphologies and dimensions. The lateral size of graphene is from hundreds of 
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nm to several µm; the diameter of CNT is about 10 nm; the average size of CB is about 20-30 
nm.  

The internal structures of the nanocomposites were studied by cross-section SEM (Figure 
3e-f). The SFS/CNT/CB composite shows a high density of fiber-like CNTs and CB NPs, 
which have a relatively good dispersion in the SFS matrix, and the CB NPs can form local 
aggregates. On the other hand, the SFS/CNT/Gr (90/5/5) composite shows quite different 
morphology with 2D graphene nanoflakes clearly visible. The total weight percentage of the 
carbon nanofillers in the composites is kept at 10 wt%, this is confirmed by the TGA analysis 
(Figure 3h), which shows the residual weight at 500 oC is very close to 10%. The ratio between 
the two types of nanofillers (CNT:CB or CNT:Gr) was also varied and optimized based on the 
electrical resistance and sensitivity achieved in the nanocomposites, as will be discussed in the 
next section. The two types of nanocomposites we will focus on are SFS/CNT/CB (90/3/7) and 
SFS/CNT/Gr (90/5/5). Raman spectra of those carbon nanomaterials as well as the SFS 
nanocomposites show the characteristic peaks of graphene, CNT and CB. (Figure S5).

The SFS-based nanocomposites are still highly flexible and stretchable, as shown by the 
bending, twisting, and stretching demonstrations in Figure 3g. The mechanical properties of 
the nanocomposites fabricated by both solution casting and pellet 3D printing (printing 
temperature of 205 °C) were studied and compared. The representative tensile stress-strain 
curves for SFS/CNT/CB (90/3/7) nanocomposites are shown in Figure 3i. Compared with 
pristine SFS (Figure 1d), the SFS nanocomposites show higher modulus and higher elongation 
at break due to the reinforcement of the carbon nanofillers. For instance, the SFS/CNT/CB 
(90/3/7) fabricated by solution casting shows Young’s modulus of 44.9 MPa, M100 modulus 
of 1.68 MPa, and elongation at break of 1550%. 

Moreover, the fabrication method also has substantial effects on the mechanical properties 
of SFS nanocomposites. The SFS/CNT/CB (90/3/7) fabricated by solution casting shows 
similar tensile strength (4.3 MPa vs 4.6 MPa), higher modulus (1.68 MPa vs 1.38 MPa M100 
modulus) and higher elongation at break (1550% vs 1220%) compared with the samples 
prepared by pellet 3D printing. Cyclic tensile testing on SFS/CNT/CB (90/3/7) fabricated by 
both solution casting and pellet 3D printing was conducted (Figure 3j). It can be seen that they 
show almost identical properties, with obvious hysteresis during the first stretching cycle, and 
then maintain highly stable and reversible elastic recovery (> 98%). 

3.4 Electrical properties and strain response of the SFS nanocomposites
We studied the electrical conductivity and its responses to mechanical strain of the SFS 

nanocomposites. The findings are very interesting and show that the types of nanofillers, their 
morphologies and ratios, as well as the mechanical deformation rate, all have significant effects 
on the electrical properties. Three types of SFS nanocomposites were investigated and 
compared: SFS/CNT/Gr (90/5/5), SFS/CNT/CB (90/5/5), and SFS/CNT/CB (90/3/7). A 
comparative study of the first two types will show the effect of nanofiller 
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dimension/morphology, and comparative study of the latter two types will show the effect of 
ratios between the nanofillers. The total weight fraction of the carbon nanofillers is fixed at 
10% because at lower fractions the electrical conductivity is substantially lower. For instance, 
the electrical resistance of SFS/CNT/Gr (95/2.5/2.5) is about 500 times higher than that of 
SFS/CNT/Gr (90/5/5) (Figure S6).  

Figure 4. (a-c) Resistance change as a function of tensile strain for (a) SFS/CNT/Gr (90/5/5), (b) 
SFS/CNT/CB (90/5/5), and (c) SFS/CNT/CB (90/3/7). Note panel c has a different Y scale. Inset in 
each panel is the corresponding I-V curves. (d-f) Relative resistance change (ΔR/R0) as a function of 
time during the cyclic deformation of (d) SFS/CNT/Gr (90/5/5), (e) SFS/CNT/CB (90/5/5), and (f) 
SFS/CNT/CB (90/3/7). The cyclic testing was conducted at a frequency of 0.45 Hz and a maximum 
strain of 50%. (g-i) Schematic of the proposed internal structural changes during mechanical 
deformation of the three types of SFS nanocomposites. 

In the relaxed state with 0% strain, SFS/CNT/Gr (90/5/5) nanocomposite shows a 
resistance of about 3.2 kΩ. With the increase of stretching strain, it shows a near linear increase 
in resistance (Figure 4a), for instance, the resistance increases to 6.8 kΩ at 60% strain. Note 
that such resistance vs strain data is obtained at the structural equilibrium state (after resistance 
reaches a stable value, usually about 3 minutes) in each strain. The corresponding I-V curves 
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at different strains are also shown (Figure 4a inset). In contrast, when 2D graphene is replaced 
with 0D carbon black, the SFS/CNT/CB (90/5/5) nanocomposite shows quite stable electrical 
resistance against strain (Figure 4b). For instance, the resistance values at 0% and 60% strain 
are very close to each other at 6.6 kΩ and 6.5 kΩ, respectively. Moreover, when the ratio 
between CNT and CB changes to 3:7, the SFS/CNT/CB (90/3/7) nanocomposite shows a 
substantial decrease in electrical resistance with increasing strain (Figure 4c). For instance, its 
resistance decreases from 59 kΩ at 0% strain to 18 kΩ at 60% strain, which is different from 
both of the previous two types of nanocomposites. It is noted that the resistivity-strain 
relationship would follow the same trends due to the standardized sample dimensions. 

The dynamic responses of electrical resistance against mechanical strain are also quite 
different for the three types of SFS nanocomposites. The relative resistance change (ΔR/R0, 
absolute value) as a function of time during cyclic deformation of SFS/CNT/Gr (90/5/5) is 
shown in Figure 4d. The resistance response in each stretching-relaxation cycle is not the 
typical monotonic increase till maximum strain and then decrease to the original value, instead, 
it shows a peak value during the stretching, and another smaller peak value during the 
relaxation step. Such double-peak response of SFS/CNT/Gr (90/5/5) persists despite varying 
the maximum strain or cyclic loading frequencies (Figure S7 and S8).

When graphene is replaced by carbon black, the SFS/CNT/CB (90/5/5) nanocomposite 
shows a different dynamic response (Figure 4e), which still has two peaks during each 
stretching-relaxation cycle, but the peak during stretching is much more dominant. On the other 
hand, the SFS/CNT/CB (90/3/7) nanocomposite (Figure 4f) shows a more typical dynamic 
response with an almost linear decrease in resistance till maximum strain followed by a linear 
increase during the relaxation step. 

Such interesting and highly tunable electrical properties responses can be explained by the 
differences in their internal structure, especially the conductive network formation and 
disruption during mechanical deformation. For the SFS/CNT/Gr (90/5/5) nanocomposite, the 
conductive pathways are formed by 1D CNT bridging the 2D graphene nanosheets (Figure 4g). 
When the composite is under stretching, it is easy for such connections between CNT and 
graphene to break, thus, decreasing the number of conductive pathways and resulting in 
resistance increase. 

For SFS/CNT/CB (90/5/5) nanocomposite, the amount/density of 1D CNT and 0D CB is 
similar, they also have a strong affinity to each other. Therefore, in the relaxed state, the 
conductive pathways are formed mostly by the interconnected network of curved CNT with 
CB particles mostly located along the CNT network (Figure 4h). Upon mechanical stretching 
(small to medium stain, before network disruption), the curved CNT gets straightened and 
better aligned along the stretching direction, and most of the junctions are maintained. That’s 
why the conductivity is largely maintained despite the increase in strain. 
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On the other hand, for the SFS/CNT/CB (90/3/7) nanocomposite, CB is the majority 
nanofiller, so in the relaxed state, besides the conductive pathways formed by CNT and CB, 
there are also excess CB nanoparticles dispersed in SFS matrix without forming effective 
conductive channels (Figure 4i). When mechanical stretching is applied, the excess CB 
nanoparticles can form additional conductive pathways due to the alignment and decreased 
interparticle distance. Therefore, the electrical resistance for SFS/CNT/CB (90/3/7) 
nanocomposite decreases with increasing strain. 

To explain the unusual double-peak responses of SFS/CNT/Gr nanocomposites when 
subjected to cyclic mechanical strains, we conducted additional experiments by fixing the 
amount of SFS and CNT and varied the content of graphene in the three composites: 
SFS/CNT/Gr (90/5/2.5), SFS/CNT/Gr (90/5/5), and SFS/CNT/Gr (90/5/10). The resistance 
changes as a function of tensile strain and dynamic responses against cyclic strain are shown 
in Figure S9 and S10. When the graphene content is low, namely SFS/CNT/Gr (90/5/2.5), the 
electrical response is very close to conventional monotonic increase and then decreases to the 
original value. While for the two samples with higher graphene content, they show double-
peak behavior. 

Such comparative study shows that the double-peak behavior is primarily due to the 
existence of 2D graphene, especially when it acts as the main conductive nanofiller. Due to its 
ultrathin structure and low bending stiffness, a fraction of graphene nanosheets are wrinkled or 
partially folded in the relaxed state (Figure. 3b). During the stretching cycle, with the increase 
in strain, those graphene nanosheets first flatten and increase the effective volume fraction of 
conductive nanofillers, which leads to decrease in resistance. Then with further increasing in 
strain, the separation or distance between the conductive nanofillers increases, which leads to 
an increase in resistance. The reverse process occurs during the relaxation cycle.

3.5 Electrical properties and strain response of 3D-printed SFS nanocomposites
Pellet 3D printing was used as a novel method for fabricating soft and conductive SFS 

nanocomposites. We found that nanocomposites fabricated by pellet 3D printing show 
substantially different electrical properties and dynamic responses compared with those 
fabricated by solution casting. The internal structure of pellet 3D-printed SFS/CNT/CB (90/3/7) 
nanocomposite (Figure 5a) is studied by cross-section SEM. The printed nanocomposites have 
a dense internal structure (Figure 5b) without visible gaps or holes. Higher magnification SEM 
image shows fiber-like CNTs and CB NPs uniformly distributed in the polymer matrix. 
Moreover, the CNTs have a certain degree of preferential alignment along the printing direction 
marked by the yellow arrow (Figure 5c).
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Figure 5. (a) Photo of a pellet 3D-printed SFS/CNT/CB (90/3/7) nanocomposite with a rectangle shape. 
(b-c) Cross-section SEM images of the 3D-printed SFS/CNT/CB (90/3/7) at two different 
magnifications. Red arrows in (c) show representative locations where CNTs are aligned. (d) Schematic 
of recyclability of the SFS nanocomposites by pelletization and repeated 3D printing. (e) I-V curves of 
the 3D-printed SFS/CNT/CB (90/3/7) at different equilibrium strains. (f) Resistance changes as a 
function of equilibrium strains for the 3D-printed SFS/CNT/CB (90/3/7). The black curve corresponds 
to the sample printed along the long axis (0o), and the red curve corresponds to the sample printed along 
the short axis (90o). (g) Schematic of the internal structural changes of 3D-printed SFS/CNT/CB during 
mechanical stretching. (h) Relative resistance change (ΔR/R0) of 3D-printed SFS/CNT/CB (90/3/7) 
nanocomposite (printing direction of 0o) under cyclic stretching at 30% maximum strain under a 
frequency of 0.9 Hz.
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Another advantage of our SFS nanocomposites is that they can be physically recycled and 
used for multiple cycles. Because there is no chemical crosslinking, our SFS nanocomposites 
can be reprocessed for new printing or recovery of polymers and nanofillers for new 
applications. For instance, the 3D-printed nanocomposite structures can be pelletized into 
composite pellets and then used as the starting raw material for new pellet 3D printing (Figure 
5d). This is demonstrated with the pellet-printed SFS/CNT/CB (90/3/7) nanocomposites 
(Figure S11), the recycled and reprinted structures have comparable morphology and 
mechanical properties compared with the original ones. 

The unique internal structure leads to very different electrical properties of the pellet 3D-
printed SFS/CNT/CB (90/3/7) (Figure 5e-f). The sample shows a significant increase in 
electrical resistance from 1.1x106 Ω to 1.2x108 Ω when the mechanical strain increases from 0% 
to 60%, in contrast to the decreasing trend of resistance for the solution-cased sample with the 
same composition. The probable reason for such a drastic difference is schematically shown in 
Figure 5g. Due to the shear force in the extruder and printing nozzle during pellet 3D printing, 
there will be preferential orientation of stretched CNTs along the printing direction. A fraction 
of CB nanoparticles are located adjacent to CNTs, and the rest are dispersed in the SFS matrix. 
In the relaxed state, the junctions between the aligned CNTs are the primary pathways for 
electric conduction. Upon mechanical stretching, the stretched CNTs are easily separated from 
one another, and the density of conductive pathways is substantially reduced, which leads to 
an increase in electric resistance. 

Moreover, the shear-induced alignment especially on the CNT component during pellet 
3D printing also leads to anisotropic electrical properties. To demonstrate this, we printed 
SFS/CNT/CB (90/3/7) nanocomposites into the same rectangle shape but with different 
printing directions: parallel to the long axis (0o) and perpendicular to the long axis (90o) (Figure 
5f). The electrical conductivity along the long axis is much higher for the 0o sample than that 
of the 90o sample (resistance at relaxed state:1.1x106 Ω vs 2.5 x 107 Ω). Such differences in 
electrical conductivity get more pronounced when the sample is stretched along the long axis. 
In addition, the dynamic response of 3D-printed SFS/CNT/CB (90/3/7) upon cyclic stretching 
is still fast and consistent over long cycles (Figure 5h). 

To summarize the major differences in properties of the 3D-printed and solution-cast SFS 
nanocomposites, we observed that the 3D-printed samples have comparable mechanical 
properties with the solution-casted ones, while the electrical responses are dramatically 
different due to the nanofiller dispersion and alignment. At the same composition, the 3D-
printed nanocomposites show lower electrical conductivity but more pronounced changes in 
response to mechanical strain, which can be further tuned by controlling the printing direction.

3.6 Systematic study of SFS nanocomposites-based strain sensors 
From the comparative study of multiple types of SFS nanocomposites as well as the 

fabrication approaches, it can be seen that SFS/CNT/CB (90/3/7) nanocomposite from solution 
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casting has the highest response sensitivity upon dynamic mechanical loading, and therefore 
its strain sensor performance is more systematically study, as discussed below. The electrical 
response of SFS/CNT/CB (90/3/7) against cyclic stretching with different maximum strain is 
shown in Figure 6a. The relative resistance change is stable and consistent at all the different 
stain conditions. The peak value of ΔR/R0 also increases from 0.9 at 20% maximum strain to 
2.8 at 80% maximum strain. The dynamic response of SFS/CNT/CB (90/3/7) nanocomposite 
to applied strain (40% maximum) with varying frequencies from 0.125 to 0.4 Hz is shown in 
Figure 6b (additional data are in Figure S12). The responses are rapid and match with 
mechanical deformation rate at all frequencies.

Figure 6. (a) The relative resistance change (ΔR/R0) of SFS/CNT/CB (90/3/7) nanocomposites under 
cyclic stretching at different maximum strains under a frequency of 0.4Hz. (b) The relative resistance 
change (ΔR/R0) of SFS/CNT/CB (90/3/7) under cyclic stretching at different frequencies with a 
maximum strain of 40%. (c) The cycling stability of SFS/CNT/CB (90/3/7) under 100% maximum 
strain with a duration of over 12000 seconds. (d) Electrical response time of SFS/CNT/CB (90/3/7) 
during a rapid deformation. (e) The relative resistance change (ΔR/R0) and gauge factor as a function 
of strain for SFS/CNT/CB (90/3/7) with a maximum strain of 500%. The solid line is fitting of ΔR/R0 
by the analytical model. (f) Comparison of the gauge factors of our SFS/CNT/CB and SFS/CNT/Gr 
composites with those of recently reported strain sensors.
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The long-term response stability of SFS nanocomposites against mechanical deformation 
(0.45 Hz, maximum strain of 100%) is also studied (Figure 6c). It can be seen that the 
sensitivity or magnitude of the electrical response of SFS/CNT/CB (90/3/7) nanocomposite has 
a gradual increase up to 3000s. Then the response is highly stable and consistent across tens of 
thousands of cycles. The response rate of SFS/CNT/CB (90/3/7) nanocomposite is also tested 
with a fast deformation test as shown in Figure 6d. It only takes 140 ms for the composite to 
respond and complete the significant resistance change. 

The relative resistance change across a large strain range (up to 500%) is shown in Figure 
6e, it can be seen that when the strain reaches large values, there is an almost exponential 
increase in the resistance change with strain. For instance, the value of ΔR/R0 is about 15 at 
300% strain, which rapidly increases to 200 at 400% strain, and over 10,000 at 500% strain. 
We also used analytical modeling based on Simmons approximation theory to fit the 
relationship between relative resistance change and mechanical strain[61]. In our case, 

(∆𝑅
𝑅0

) = 𝑅―𝑅0

𝑅0
= (1 + 𝐸𝜀)exp((𝐴 + 𝐹𝐸)𝜀 + 𝐵𝜀2 + 𝐶𝜀3 + 𝐷𝜀4) ―1················ (1)

where A, B, C, and D are material system dependent constants, and they represent the non-
linear change in the number of conductive pathways at large strains. E is another material 
system dependent constant that describes the change in the average spacing between 
neighboring conductive nanoparticles as a function of the applied strain. F is a parameter that 
depends on the potential barrier between conductive nanoparticles. Detailed derivation and 
explanation of the model can be found in the supporting information. The model fitting matches 
very well with the experimental data. 

Gauge factor (∆𝑅
𝑅0

/𝜀) is frequently used to assess the performance of strain sensors, and is 

also shown in Figure 6e (red curve with log scale). The SFS/CNT/CB (90/3/7) nanocomposite 
shows very large and fast-increasing gauge factors at strain above 200%. A similar trend of 
gauge factor is also obtained for SFS/CNT/Gr nanocomposites (Figure S6). The performance 
of our SFS nanocomposites as strain sensors is compared with recent literature reports with 
similar material systems (Figure 6f, see also Table S1)67–85. It can be seen that our SFS 
nanocomposites have excellent performance in terms of both large detection range of strain 
and high guage factor at large strains. 

3.7 Demonstration of wearable sensors and environment monitoring
The combination of high elasticity, low modulus, chemical stability, tunable conductivity, 

and rapid strain response of SFS nanocomposites enables their promising application in 
stretchable and wearable sensors. We demonstrate this by using SFS/CNT/CB (90/3/7) 
nanocomposite as sensors for human motion detection. The detection of repeated elbow flexion 
is shown in Figure 7a. Mouth movement and closing are also accurately monitored (Figure 7b), 
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which can potentially be used for intelligent voice control. Subtle human motion such as 
rhythmic abdominal movement during breathing and finger bending detection are also 
demonstrated (Figure S13), which is applicable to soft robotics. 

Figure 7. Demonstration of the use of SFS/CNT/CB (90/3/7) nanocomposites in human motion 
monitoring and simulated weather monitoring. (a) Elbow flexion detection. (b) Mouth movement 
detection. (c) Monitoring of simulated raindrops with varying frequencies. (d) Monitoring of simulated 
wind blowing with two different speeds. (e) Monitoring of environmental temperature changes with 
three different heating and equilibrium stages. 

Moreover, we also demonstrate that SFS/CNT/CB (90/3/7) nanocomposite can be used for 
accurate monitoring of environmental conditions including rain, wind, or temperature changes. 
For instance, we used water drops falling on the soft sensor to simulate rain detection, with the 
mass of each droplet being about 40 mg and a speed of 4.5 m/s (from 1 meter height). Figure 
7c shows the electrical current response of such simulated rainfall with different frequencies. 
The nanocomposite can also be used to detect wind (Figure 7d). The wind strokes that blow on 
the sample during the first 80 seconds have a speed of 17.0 m/s, and the subsequent wind 
strokes have a speed of 9.2 m/s. It can be seen that the magnitude of the current response is 
different at those two different wind speeds. 

Last but not least, we demonstrate temperature monitoring by the SFS/CNT/CB (90/3/7) 
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nanocomposite. Sensitive responses to multiple heating stages and temperatures can be 
obtained (Figure 7e). For instance, in the first stage, the temperature increases from 20 oC to 
44 oC, and then maintains stable for 100 s; in the second stage, the temperature further increases 
to 67 oC and remains stable for another 150 s; in the third stage, the temperature increases to 
86 oC and then remain stable. The electrical current increases during each heating step and 
maintains stability when the temperature reaches equilibrium. The probable reason for the 
temperature-induced conductivity change is that the conductivity of CNTs increases with 
temperature due to the thermally activated process and increased charge carrier density86,87. As 
a result, our SFS/CNT/CB nanocomposites also show higher electrical conductivity at higher 
temperatures.

4. Conclusions

In summary, we developed a series of sustainable and 3D-printable soft nanocomposites by 
integrating SFS TPE and carbon nanomaterials. Due to the excellent mechanical properties, 
chemical stability, and processability of SFS, such nanocomposites are flexible and stretchable 
(> 1500%), with highly tunable internal structures and electrical properties, which are distinct 
from conventional soft composites with petrochemical-based soft matrix and a single type of 
nanofiller. Pellet 3D printing is also used as a new and efficient approach for fabricating 
customizable 3D structures and devices based on the SFS nanocomposites. The electrical 
responses of such SFS nanocomposites to mechanical deformation are highly tunable and 
diverse. Several key factors that determine such electrical responses including the 
type/geometry of carbon nanofillers, nanofiller loading, the ratio between the nanofillers, as 
well as the processing condition (3D printing vs solution casting) were systematically 
investigated. Our SFS nanocomposites have superior performance as strain sensors in terms of 
the maximum strain range and gauge factor at large strains. We also demonstrate the 
application of such SFS nanocomposites in human motion detection as well as environment 
monitoring. The sustainable and 3D-printable SFS nanocomposites provide a material platform 
for future research in soft sensors, wearable electronics, and soft robotics.
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