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Abstract 

Smart materials for sensor applications are increasingly being used in a wide variety of 

applications ranging from engineering to medical devices. This work reports on piezoresistive 

sensors based on conductive polyaniline and thermoplastic elastomer processed by conventional 

polymer extrusion. The material presents excellent processability and piezoresistive performance 

offering an alternative to traditional composites with conductive nanofillers for sensor applications.  

The polyaniline/ styrene-butadiene-styrene (PANI/SBS) conductive polymer blends present good 

mechanical properties, high electrical conductivity and piezoresistive response. The maximum 

strain reaches ≈60% for 30 weight percentage (wt%) PANI content and the electrical conductivity 

is σ ≈0.1 S/m for blends with 40 wt% PANI content. Further, the sample with 40 wt% PANI 

content shows a piezoresistive gauge factor GF ≈1 for deformation measurements between 0.1 to 

3 mm in bending cycles.    

 

Keywords: Polymer-matrix composites; Smart materials; Electrical properties; Piezoresistive; 

Extrusion 

mailto:pcosta@fisica.uminho.pt


2 
 

1. Introduction  

Materials with piezoresistive properties represent a key engineering technology for device 

applications, being commonly used in industry and consumer products with ever growing demand 

[1-3]. Pressure or strain moldable sensors must be low profile and flexible to conform to arbitrary 

surfaces  [4].  

Most of the commercial piezoresistive sensors used in industrial applications are based on metallic 

films characterized by low flexibility and stretchability, limiting their range of applications [2, 5]. 

Semiconductor materials show high piezoresistive sensitivity but poor mechanical properties [1, 

4]. In order to overcome these mechanical limitations, polymer-based smart materials have been 

developed due to their flexibility, low temperature processability  and low cost [2, 6]. Further, 

these materials show simpler device integration and allow tailoring their overall physico-chemical 

properties for specific applications. Their outstanding properties result in a broad spectrum of 

engineering materials [5, 7] for sensors and actuators [8, 9], optoelectronics [10], low weight 

structures [11], antistatic dissipation [11] and dielectric devices [12], among others.  

Promising applications of these materials are related to strain sensing technology for structural 

health monitoring and biomedical applications [4, 13]. Polymer composites with specific 

conductive characteristics can be developed using different materials (polymers and fillers) and 

strategies (processing methods and conditions). Extrinsically conducting polymers (ECPs) are 

based on conductive nanoparticles embedded in insulating polymer matrices. The most used 

conductive nanofillers are mostly based on carbonaceous materials, including carbon black, carbon 

nanofibers or nanotubes and graphene [7, 14]. The electrical conductivity of polymer composites 

as a function of filler content is characterized by different well-defined zones.  The zone showing 

a strong increase of the electrical conductivity is identified as the percolation threshold (PT) and 
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strongly depends on the filler type and the composite processing method [15]. Thus, the PT can be 

as low as 0.01 wt% [15] for composites prepared by solvent casting or between 1 to 3 wt% for 

composites based on polymers with carbon nanotubes (CNT) processed with industrially viable 

methods such as melt compounding and extrusion [16]. Therefore, up scaled industrial processing 

for composite preparation typically lead to an increase of carbonaceous nanofiller loading content 

for achieving similar electrical properties when compared with laboratory methods.  

In addition to ECPs, intrinsically conducting polymers (ICPs) also show piezoresistive properties 

and can be considered regarded a suitable alternative in terms of electrical conductivity and 

piezoresistive behavior response. Polyaniline, poly(3,4-ethylenedioxythiophene) (PEDOT), 

PEDOT modified with polystyrenesulfonate acid (PEDOT/PSS) and polypyrrole (PPy) [5] are 

examples of ICPs. These types of polymers can be used as piezoresistive sensors. In this way, the 

piezoresistive behavior of ICPs opens a new concept for piezoresistive sensors applications [17] 

but, on the other hand, ICPs present several limitations that need to be overcome. In particular with 

respect to their mechanical properties and longtime stability of the ICPs [17]. From the many 

available ICPs,  polyaniline (PANI) has been implemented in a wide variety of applications, 

including biosensors [18], anti-static materials [19] and batteries [20], among others. PANI shows 

easy processing, low cost and stability, allied to the doping/dedoping mechanism, allowing to 

further tune material physico-chemical properties, makes the PANI one of the most interesting 

ICPs [5, 17]. 

Further, stretchable conductive composites are growing attention to replace the traditional rigid 

conductor materials, due to their applicability in flexible and stretchable devices [21]. Elastomer 

or thermoplastic elastomers (TPEs) polymer matrices are interesting materials in this context. 

TPEs are an important class of polymers that combine the mechanical properties of rubbers (e.g., 
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stretchable materials) with the processability and recyclability of thermoplastics [22]. Additionally 

TPEs do not need vulcanization [6]. Styrene-butadiene-styrene (SBS) tri-block copolymer is an 

interesting TPE for the development of stress/strain sensors for large strain, robotic and industrial 

automation applications in order to replace silicone-like materials that are not capable of sustaining 

large deformations and sudden impacts [6]. Since SBS can be processed without the use of 

vulcanization, the properties of the corresponding composites do not deteriorate during their 

processing in composite materials [15]. With respect to the thermal behaviour, SBS has two Tg at 

-86 and 76 °C, assigned to the glass transitions of polybutadiene and polystyrene, respectively [22, 

23]. 

In fact SBS and (styrene-ethylene/butylene-styrene) SEBS composites with CNT have been 

prepared by several methods, including solvent casting, electrospinning [24] and extrusion [15]. 

The different processing methods allow to prepare composites with excellent piezoresistive 

properties with gauge factors (GF) up to ≈120 and deformation up to 30% under uniaxial stress 

[8]. Elastomeric polymer composite with piezoresistive properties can be processed using other 

conductive carbon nanofillers such as graphene or carbon black within different rubber-like 

materials [25, 26]. Natural rubber/CNT composites show linear behaviour with mechanical stress 

for strains up to 250%, unlike graphene composites for lower strains [25]. The main drawback of 

composites with nanocarbonaceous fillers is the agglomeration of the nanofillers, which can be up 

to tens of micrometres in size [27, 28]. Another issue with respect to polymer composites is their 

poor adhesion of the polymer to fibre surfaces, being necessary  the use of supplementary binders, 

which increase price and decrease electrical conductivity [29].  The agglomerates are defective 

structures that reduce the electrical and mechanical properties of the composite, leading to difficult 

reproducibility of the properties of the materials under the same manufacturing conditions. Further, 
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the presence of large nanofiller agglomerates hinders the use of specific sensors integration 

processes, such as printing techniques [30, 31].     

Thus, PANI/TPE blends are an interesting alternative to polymer-based composites with 

conductive nanocarbonaceous fillers, due increased compatibility between the conductive polymer 

and the polymer matrix [32]. Further, the polymer blend can be processed by extrusion that, when 

compared to solvent-casting, commonly used for the preparation of piezoresistive polymer 

composites [15], has the advantage of being a purely mechanical process for polymer mixing 

which does not rely on the use of any chemical solvent. Further, it is a continuous process and 

allows the moulding of the resultant products.  

The present work reports on extruded blend composites based on intrinsic conductive PANI 

embedded one a thermoplastic elastomer (SBS). The morphologic, electrical, mechanical and 

electromechanical properties of the PANI/SBS blends are reported as a function of PANI and 

compatibilizer content.  

 

2. Experimental 

2.1 Material synthesis 

Aniline and potassium peroxodisulfate (APS) were purchased from Fluka (Steinheim, Germany). 

Dodecylbenzensulfonic acid (DBSA) 70 wt% solution in 2-propanol and acetone were obtained 

from Scharlau (Sentmenat, Spain). Chloroform and methanol were supplied from Merck 

(Darmstadt, Germany) and Octyl Gallate (OG) compatibilizer was acquired on Sigma-Aldrich 

(Madrid, Spain). All the solvents and reagents except DBSA were at least of 99% purity. Water 

was purified on a Milli-QUltrapure 109 system (Millipore, Molsheim, France). 
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Thermoplastic elastomer (TPE) copolymer based in styrene-butadiene-styrene (SBS) with 

reference Calprene 718 (75/25 butadiene/styrene ratio with a radial structure) was provided by 

Dynasol.   

 

2.2 Processing of the conductive polymer and the polymer blend 

Polyaniline (PANI-DBSA) was processed via indirect route with “dedoping-redoping” steps, as 

detailed in [19]. A doped polymer of hydrochloric acid, PANI-HCl, was subjected to two 

processing steps before obtaining a polymerized PANI-DBSA polymer according to the method 

described in [33]. 

1) PANI-HCl was dedoped with a solution of NH3 (1M) for 2h in an ultrasonic bath. Then, the 

obtained solution was filtered under vacuum and washed with distilled water until a neutral pH 

was reached. 

2) The filtrate was then subjected to doping with DBSA (1M) in acetone, being in ultrasonic bath 

for two hours. Acetone was also used to remove the excess of free acids on the solutions. 

Finally, the doped PANI-DBSA was filtered under vacuum and freeze-dried for 24h. 

The polymer blends were processed by mixing PANI-DBSA with different quantities of powdered 

OG compatibilizer, ranging from 5 to 20%, and SBS in a Thermo Scientific Haake minilab II mini 

extruder at 150 °C for 15 minutes, followed by the extrusion of the blended mixture. The blend 

was then pressed in an IQAP-LAP model PL-15 hydraulic press for 6 minutes at 150 ºC, resulting 

in polymeric plates with an average thickness between 0.5 and 1 mm.  

The OG compatibilizer, which presents an alkyl chain almost identical to DBSA, was selected in 

order to improve the solubility and conductivity of the blends [34].  
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A nomenclature presented in Table 1 was adopted for the PANI/SBS samples for an easier 

understanding during the presentation and discussion of the results. Samples with 20 and 30 wt% 

PANI content were processed, however these samples were not conductive, and they were just 

studied in terms of their mechanical properties. 

 

  

Table 1- Nomenclature of the PANI/SBS blends. 

PANI/SBS blend Sample 

20 wt% PANI/5 wt% OG/75 wt% SBS PANI(20)/SBS(75) 

30 wt% PANI/5 wt% OG/65 wt% SBS PANI(30)/SBS(65) 

40 wt% PANI/5 wt% OG/55 wt% SBS PANI(40)/SBS(55) 

40 wt% PANI/10 wt% OG/50 wt% SBS PANI(40)/SBS(50) 

40 wt% PANI/ 15 wt% OG/45 wt% SBS PANI(40)/SBS(45) 

40 wt% PANI/20 wt% OG/40 wt% SBS PANI(40)/SBS(40) 

 

2.3 Characterization of the materials 

Polymer morphology was evaluated using Scanning Electron Microscopy (SEM). The images 

were obtained using a JEOL JSM-6400 scanning electron microscope at an accelerating voltage of 

20 kV with magnifications at 1000×, 3000× and 5000×. 

Fourier transform infrared spectroscopy in the attenuated total reflection (FTIR-ATR) mode was 

performed in a Jasco FT/IR-4700 FTIR spectra spectrophotometer in the spectral range 4000 to 

600 cm-1 with 100 interferograms at a spectral resolution of 4 cm-1.  

The thermal behaviour of the samples was evaluated by thermogravimetric analysis (TGA) using 

a Perkin-Elmer TGA-7 set-up. The tests were carried out under oxygen atmosphere from 45°C to 

700°C at a rate of 10 ºC/min. For each sample, the degradation temperature (Tonset), calculated as 

the extrapolated onset temperature in the TGA curve, and the temperature of the maximum 

degradation rate (Tmax), measured as the first derivative peak temperature, were recorded.  



8 
 

Mechanical tests were performed with a universal testing machine (Shimadzu model AG-IS) at 

room temperature with a load cell of 50 N in tensile mode. The stress-strain characteristic curves 

were obtained under uniaxial stress applied from the upper clamp whereas the bottom clamp 

remained fixed. Rectangular shape samples with 10 x 6 mm2 and 0.5 to 1 mm thickness (Fischer 

Dualscope 603-478, digital micrometer) were analyzed at a test velocity of 1 mm/min until rupture. 

Three measurements were performed for each sample.  

The electrical conductivity of the samples was measured with a Keithley 487 picoammeter/voltage 

source. The current-voltage characteristic response was obtained in direct current (DC) mode with 

an applied voltage ranging between -10 V to 10 V, at room temperature. On each sample, two gold 

electrodes with diameter of 5 mm were deposited by magnetron sputtering on both sides of the 

samples using a SC502 sputter coater. The electrical conductivity (σ) was calculated by:  

 

 𝜎 =
1

𝜌
=

1

𝑅

𝑡

𝐴
       (1) 

where R is the electrical resistance of the sample, A is the area of the electrodes and t is the 

thickness of the samples. 

The piezoresistive properties of the PANI/SBS composites were evaluated by 4-point-bending 

tests (Figure 1) in which the electrical resistance variations were measured (Agilent 344401A 

multimeter) during loading-unloading mechanical cycles. 
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Figure 1- Schematic representation of the 4-point bending tests where z is the vertical displacement, 

t is the sample thickness, a is the distance between the first and second bending points and L the 

distance between the supports [22]. In the experimental tests, a=15 mm and L=3a.   

 

The electrical resistance variations due to the mechanical deformation applied to the samples is 

quantitatively represented by the gauge factor (GF): 

 

𝐺𝐹 =
∆𝑅

𝑅0
⁄

𝜀
      (2) 

where ∆R and R0 are the resistance variation and the initial resistance, respectively, and ɛ is the 

applied strain. The piezoresistive sensitivity of the materials has contributions from the intrinsic 

and the geometrical piezoresistive effect [1]. In the 4-point-bending measurements, the strain (ε) 

was calculated from the pure bending of plates theory, valid between the inner loading points and 

can be rewritten as [8]: 

 

 𝜀 =  
3𝑑𝑧

5𝑎²
       (3) 
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where t is the sample thickness, z is the deformation over time and a is the distance between the 

first and second pins of the 4-point bend load cell [8]. 

 

3. Results and Discussion 

3.1. Morphological Properties 

The morphology of the PANI/SBS extruded blends can be observed in the surface SEM images 

presented in Figure 1. Two magnifications are presented for each blend with 40 wt% PANI, 1000x 

and 5000x in order to evaluate the distribution of PANI within the polymer matrix.   

 

 

Figure 2- Surface SEM images of the PANI/SBS blends at two magnifications (1000x and 5000x, 

respectively) for A and B) PANI(40)/SBS(55), C and D) PANI(40)/SBS(50), E and F) 

PANI(40)/SBS(45) and G and H) PANI(40)/SBS(40) blends.  

 

The morphology of the PANI/SBS blends with 40 wt% PANI content and SBS content ranging 

from 40 to 55 wt%, is shown in Figure 2. The SEM images are representative for the remaining 
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blends. All samples show good dispersion of the PANI within the SBS matrix, showing just small 

aggregates of few micrometer in diameter. The indirect synthesis of PANI with DBSA is 

environment-friendly, as it avoids chloroform during processing, and the obtained PANI particles 

are nanorods, allowing a good dispersion within the polymer matrix [19]. Further, the elongated 

shape of the PANI/DBSA particles improves the electrical conductivity of both PANI and the 

corresponding composites, when compared to other synthesis procedures and dopants [19]. Further, 

Figure 2 shows a good compatibilization between PANI and SBS, independently of the PANI, OG 

or SBS relative content of the different blends. 

FTIR spectra of doped PANI-DBSA and PANI/SBS blends are presented in Figure 3. The 

characteristic bands of the PANI-DBSA are the Quinoid (Q) and Benzenoid (B) that appear at 

1558 and 1450 cm-1. For the SBS matrix, the characteristic polystyrene and polybutadiene bands 

are located at 696 and 963 cm-1, respectively.    

 

600 800 1000 1200 1400 1600 1800

PANI(40)/SBS(40)

PANI(40)/SBS(45)

PANI(40)/SBS(50)

A
b

so
r
b

a
n

c
e
 (

a
.u

.)

Wavenumber (cm
-1
)

B Q

PANI-DBSA

PANI(40)/SBS(55)

ButadieneStyrene

 

Figure 3- FTIR spectra from 600 to 2000 cm-1 for PANI-DBSA and PANI/SBS blends with 40 

wt% of PANI and different SBS contents (from 40 to 55 wt%). The typical Benzenoid (B) and 

Quinoid (Q) bands of PANI and the polystyrene and polybutadiene bands of SBS are identified. 
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PANI-DBSA shows the bands assigned to the Benzenoid (B, 𝜐C=C) and Quinoid (Q, 𝜐C=N, 𝜐C=C) 

moieties at 1450 and 1558 cm-1, respectively, as indicated in the literature [19, 35]. The ratio 

between these bands proves that the produced PANI-DBSA is in fact in the emeraldine state. 

The intensity ratio between these two bands (IQ/IB) provides information on the molecular structure 

of the doped PANI. Typically, a value around 1 indicates that PANI is in its emeraldine type 

structure, which presents the highest electrical conductivity among the different PANI molecular 

structures [19]. The ratio between both intensities in PANI-DBSA and blends chages from 0.96 to 

0.98, indicative of an emeraldine form [19].  

 

3.2. Thermal Properties  

The thermal behaviour of PANI, SBS, compatibilizer (OG) and blends is shown in Figure 4.  
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Figure 4- A) Thermogravimetric analysis of PANI-DBSA, OG, SBS and several PANI/SBS blends 

with varying the SBS contents from 40 to 55 wt%. Measurements performed at 10 ºC/min. B) 

Temperature intervals with corresponding weight losses for the different degradation (Moisture 

and volatiles, dopant and polymer degradation) events of different samples.  
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The elastomer SBS presents a thermal behavior with a degradation temperature, Tonset, around 435 

ºC and a temperature of maximum degradation rate (Tmax), around 500 ºC. Tmax for blends is near 

500 ºC. The OG has a Tonset near 250 ºC and Tmax before 500 ºC (Figure 4A). Literature shows that 

doped PANI loses near 35 wt% around 300 ºC attributed to evaporation of absorbed water and 

organic solvent [36]. Further, complete degradation occurs after 600 ºC [19, 36], as observed in 

Figure 4. This main mass loss is assigned to decomposition of the doping agent DBSA and organic 

groups of PANI [19, 36]. In this way, the first derivative peak temperature (data not shown) close 

to 400 ºC is due PANI and OG, once SBS degradation (measured as Tonset or Tmax) starts after this 

point [37].  

All PANI/SBS blends present similar degradation behavior, independently of the SBS, OG and 

PANI relative contents in the blends. The first degradation step occurs around 250 ºC and the 

temperature of maximum degradation rate (Tmax) is around 500 ºC. The PANI and OG contents in 

the blends influences the Tonset but the Tmax is similar for the different blends and pure SBS. The 

initial degradation temperature of the OG and PANI is near 250 and 300 ºC [19, 36], respectively. 

The PANI/SBS blends with 40 wt% PANI and from 5 to 20 wt % of OG starts the degradation at 

lower temperature, when compared to SBS. However, the behavior is similar for the different 

blends. The blends show thermal stability up to near 400 ºC, losing less than 15% of their weight 

(Figure 4B).      

Although the OG has lower degradation temperature, even in samples with larger OG contents, 

the thermal stability of the blends is independent of the OG amount, for 5 to 20 wt% (Figure 4B).   

 

3.3. Mechanical Properties 
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The mechanical behaviour of the extruded PANI/SBS blends is presented in Figure 5 through the 

stress/strain characteristics. The Young modulus of the blends was obtained for deformations at 

1% of strain.  
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Figure 5- Stress-strain behavior of several PANI/SBS blends until rupture at deformation rates of 

1 mm/min. The PANI content varies from 20 to 40 wt% and the SBS content from 40 to 75 wt%, 

ranging the OG from 5 to 20 wt%.   

 

The PANI/SBS blends with increasing SBS content leads to samples with larger maximum strain 

and lower maximum stress. The maximum strain is around 60% for blends with higher SBS 

contents and around 5% for blends with lower SBS contents (Figure 5). It is to notice that extruded 

SBS shows maximum strains larger than 1000% and Young modulus around 1.5 MPa [15]. On the 

other hand, PANI shows low stretchability (around 5 to 6% of strain) and a higher Young modulus 

of few GPa [38, 39]. Thus, the polymer blends increase the stretchability of the conducting 

component (PANI), allowing the development of stretchable sensors applications. Further, both 
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PANI and the OG influences the mechanical properties of the blends. For samples with 40 wt% of 

PANI, the mechanical behavior of the blends suffer strong variations (essentially the maximum 

strain) with decreasing SBS and increasing OG content in the blends. The maximum strain 

decreases one order of magnitude from 55 wt% to 40 wt% content of SBS within the blends. There 

is no direct influence of the OG on the Young modulus of the blends, with an exception of the 

PANI(40)/SBS(40) which presents a higher Young modulus (~30 MPa).  

Table 2 shows the main mechanical properties of the PANI/SBS composites obtained from the 

data in Figure 5.  

 

Table 2- Main mechanical properties of the several extruded PANI/SBS blends. 

Sample Young Modulus 

(MPa) 

Rupture Stress  

(%) 

Rupture Strain  

(%) 

PANI(40)/SBS(40) 30.5 ± 1.5 0.6 ± 0.1 4.4 ± 0.6 

PANI(40)/SBS(45) 16.1 ± 0.5 0.5 ± 0.1 5.0 ± 0.7 

PANI(40)/SBS(50) 15.0 ± 1.1 2.9 ± 0.2 57.9 ± 5 

PANI(40)/SBS(55) 17.3 ± 1.0 1.1 ± 0.1 35.6 ± 4 

PANI(30)/SBS(65) 7.7 ± 0.4 1.1 ± 0.1 61.4 ± 5 

PANI(20)/SBS(75) 3.1 ± 0.16 0.6 ± 0.1 58.0 ± 4 

 

Table 2 shows that the composition of the blends affects the overall mechanical properties. The 

Young modulus (measured up to 1% of strain) decreases from 30 to 3 MPa with increasing SBS 

and decreasing PANI content in the blends. Decreasing the PANI contents from 40 to 20 wt% 

leads to a decrease of the Young modulus of the blends in approximately one order of magnitude. 

The Young modulus increases one order of magnitude with decreasing the soft component, 

remaining far from the values of PANI.  

Increasing the softer polymer within the blends increases their stretchability (rupture strain) from 

4.5 to near 60%.    
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The Yield strain increases with increasing SBS contents, being near 1.4% for blends with lower 

SBS contents and increasing until 17% for blend with larger contents of SBS. Thus, SBS gives the 

stretchability to the extruded blends, being interesting for large strain devices applications.  

The mechanical properties of the blends are influenced by the relative polymer content. The Young 

modulus is mainly influenced by the SBS content. On the other hand, with respect to the maximum 

strain, the PANI properties overlaps the ones from SBS, since the blend breaks though the PANI 

and OG components.     

 

3.4. Electrical Properties  

The electrical conductivity behavior of the PANI/SBS blends as a function of PANI and SBS 

contents is shown in Figure 6. The percolation threshold is between 20 and 30 wt% PANI content.   
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Figure 6- Electrical properties of the PANI/SBS blends with A) I-V curves between -1 to +1 V and 

B) conductivity of the PANI/SBS blends up to 40 wt% PANI. The electrical percolation threshold 

is around 20-30 wt% of PANI in the blends. The line in B) is for guiding the eyes.  
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The slope of the I-V curves (Figure 6A) increases with increasing PANI content (electrical 

conductive compound) in the blends, from 20 to 40 wt%. Thus, the electrical conductivity of the 

blends (Figure 6B) increases with increasing conductive polymer content, as doped PANI with 

DBSA has an electrical conductivity σ≈ 990 S/m [19]. The PANI/SBS blends shows an electrical 

conductivity that increases six orders of magnitude, varying from1x10-7 S/m to ≈0.1 S/m for 

samples with 20 and 40 wt% PANI content in blend, respectively. PANI/SBS blends with 40 wt% 

PANI show similar electrical conductivity, being slightly higher for the sample with higher 

contents of SBS (and consequently lower contents of the OG). Thus, the electrical conductivity in 

the blend is basically determined by the PANI content.  The electrical percolation threshold is 

between 20 to 30 wt% PANI content in the blends. Thus, it is shown that it is possible to develop 

thermoplastic PANI/elastomer blends with suitable conductivity and mechanical properties for 

sensors applications, using an industrial processing method.  

PANI/SBS blends present larger percolation threshold when compared to composites with similar 

matrices but using conductive carbonaceous nanofillers such as carbon nanotubes. Extruded 

CNT/SBS composites present percolation thresholds between 4 and 5 wt% CNT [15], and, in 

composites prepared by solvent casting, the percolation threshold is much lower than for extruded 

composites [6, 8, 40]. Percolation threshold depends on the polymer matrix, conductive nanofiller 

type and processing method [40]. The highest electrical conductivity PANI/SBS blends with 40 

wt% can be compared to the ones obtained for composites with different conductive nanofillers 

[40, 41]. In this way, extruded PANI/SBS blends can be excellent alternative polymer-based 

materials to conductive nanocomposites for specific electro-mechanical applications.      

 

3.5. Electro-mechanical Properties    
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Analyzing the simultaneously the mechanical and electrical properties of the PANI/SBS blends, 

the piezoresistive response was evaluated for PANI(40)/SBS(55) blends in which the maximum 

strain is higher than 30% and the electrical conductivity is around 0.1 S/m. These blends also 

present lower OG contents, having lower influence in the piezoresistive response of the material. 

On the other hand, mechanical properties of the blends with lower SBS contents show low 

maximum deformation, compared to the remaining blends.. Further, the similar electrical 

conductivity between PANI(40)/SBS(50) and PANI(40)/SBS(55) makes the piezoresistive 

response of these blends very analogous. The piezoresistive response was evaluated as a function 

of deformation, stability with larger number of cycles and temperature (Figure 7 to 9).  

Figure 7 illustrate the piezoresistive response of the PANI(40)/SBS(55) blend in 4-point-bending 

experiments for 0.1 and 3 mm of deformation (Figure 7A and B, respectively).  
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Figure 7- Piezoresistive response of PANI(40)/SBS(55) blends for A) 0.1 and B) 3 mm of 

deformation in 4-point-bending experiments. The electrical resistance variation follows the 

mechanical stimulus applied to the blends the different deformations.  
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Figures 7A and 7B show the piezoresistive behavior of the PANI(40)/SBS(55) blends, in 4-point-

bending measurements for 0.1 and 3 mm of deformation, the response being similar for 

intermediate deformations of 0.5, 1 and 2 mm. This piezoresistive behavior is illustrative for the 

different PANI/SBS blends with different PANI content (above the percolation threshold) and 

deformations from 0.1 to 3%, all following a similar behavior for the electrical resistance variation 

with applied mechanical stimulus. The electrical resistance increases while the blend is deformed 

and decreases when the blend recovers to the initial deformation. The behavior is similar for all 

loading/unloading mechanical conditions. The gauge factor (GF) is determined by the linear 

variation of the electrical resistance with deformation (Equation 2) and exemplified in Figure 8A 

for several deformations (between 0.5 to 2 mm). Figure 8B shows the GF of the PANI(40)/SBS(55) 

blend as a function of the deformation.   
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Figure 8- Piezoresistive sensitivity of the PANI/SBS blend with 40 wt% PANI and 55 wt% SBS) 

in 4-point-bending experiments from 0.1 to 3 mm of deformation. A) Determination of the Gauge 

Factor (GF) in each deformation cycle and B) GF as function of the applied maximum deformation. 
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The relative electrical resistance variation follows the applied mechanical cycles, increasing when 

the samples are deformed and decreasing when the blend relaxes to the initial position, as can be 

observed in Figure 7 and 8A.  

The PANI(40)/SBS(55) blend present good piezoresistive response and PANI/SBS samples can 

be used as piezoresistive materials for sensors applications. The piezoresistive sensitivity of the 

PANI(40)/SBS(55) is presented in Figure 8B, showing a GF between 0.5 to 1 for deformations 

until 3 mm and the GF decreasing slightly with increasing deformation. Thus, the GF is mainly 

determined by the geometrical piezoresistive response (1+2ν).  

Considering the piezoresistive response of the PANI(40)/SBS(55) blend, experiments were 

performed as a function of the number of load/unload cycles (250) to evaluate the stability and 

fatigue of the PANI/SBS blend (data not shown). The electrical resistance shows slightly decrease 

(some few Ohms) in the initial cycles and tend to stabilize after the 10th deformation cycle. The 

GF, on the other hand, increases slightly with increase the number of cycles between GF ≈0.9 to 

1.1 (Figure 9A). The GF stabilizes after ~120 cycles. Further, the piezoresistive response is stable 

in temperature up to temperatures of 40 ºC (Figure 9B).  
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Figure 9- Piezoresistive sensitivity (GF) of the PANI/SBS blend with 40 wt% PANI and 55 wt% 

SBS, in 4-point-bending measures as a function of the number of cycles (A) Piezoresistive 

response at a temperature of 40 ºC(B). 

 

Thus, PANI/SBS blends present stable piezoresistive response after few cycles proving their 

suitability for strain sensor applications. The increase of the piezoresistive sensibility, from GF≈ 

0.9 to 1.1, with increasing number cycles reflects the larger electrical resistance variation after 

mechanical stabilization of the blend (release of internal stresses related to processing). Further, 

the piezoresistive response is stable up to 40 ºC, with a GF≈ 0.93 ±0.1, like the one observed at 

room temperature. For temperatures close to 60 ºC, the blend loses the piezoresistive response, 

essentially due to both, the glass transition (Tg≈ 75 ºC [15]) of the polystyrene chains in the SBS 

matrix, and the thermal degradation of PANI.  

The piezoresistive sensitivity of the PANI/SBS blends is slightly lower compared to related 

polymer based composites prepared with conductive nanofillers [8, 15]. Polyaniline is 

characterized by a larger Young modulus, around 1 GPa [38, 42], when compared to SBS matrix, 

with a Young modulus between 50 to 100 MPa [22]. In this way, during mechanical deformation, 
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the PANI regions within the blend suffer inferior strain compared to the elastomeric SBS in blend. 

Thus, the piezoresistive sensitivity can be lower in this type of blends once the conductive network 

does not suffer same intrinsic variations of the electrical resistivity of PANI upon mechanical 

stretching, and the geometric effect dominates the piezoresistive sensitivity on PANI/SBS blends.   

  

4. Conclusions 

Extruded PANI/SBS blends offer an interesting alternative to conductive 

nanocarbonaceous/polymer piezoresistive composites. The processed blends have good 

mechanical and piezoresistive properties, as the extrusion method allows a good dispersion of the 

aggregates of PANI in the SBS polymer. 

Deformations up to 60% in uniaxial stress are obtained before break for the PANI/SBS blends with 

the higher SBS contents. The electrical conductivity of the blends increases with increase 

conductive PANI content reaching a maximum conductivity of 0.1 S/m for the samples with 40 

wt% PANI contents. Further, this sample shows a piezoresistive beinding response with a GF≈ 1, 

stable over repeated cycling and up to temperatures of 40 ºC, being suitable for sensor applications.        
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 Figures 

 

Figure 1- Schematic representation of the 4-point bending tests where z is the vertical displacement, 

t is the sample thickness, a the distance between the first and second bending points and L the 

distance between the supports [29]. In the experimental tests, a=15 mm and L=3a.   
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Figure 10- Surface SEM images of the PANI/SBS blends at two magnifications (1000x and 5000x, 

respectively) for A and B) PANI(40)/SBS(55), C and D) PANI(40)/SBS(50), E and F) 

PANI(40)/SBS(45) and G and H) PANI(40)/SBS(40) blends.  
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Figure 11- FTIR spectra from 600 to 2000 cm-1 for PANI-DBSA and PANI/SBS blends with 40 

wt% of PANI and different SBS contents (from 40 to 55 wt%). The typical Benzenoid (B) and 

Quinoid (Q) bands of PANI and the polystyrene and polybutadiene bands of SBS are identified. 
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Figure 12- A) Thermogravimetric analysis of PANI-DBSA, OG, SBS and several PANI/SBS 

blends with varying the SBS contents from 40 to 55 wt%. Measurements performed at 10 ºC/min. 

B) Temperature intervals with corresponding weight losses for the different degradation (Moisture 

and volatiles, dopant and polymer degradation) events of different samples.  
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Figure 13- Stress-strain behavior of several PANI/SBS blends until rupture at deformation rates of 

1 mm/min. The PANI content varies from 20 to 40 wt% and the SBS content from 40 to 75 wt%, 

ranging the OG from 5 to 20 wt%.   
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Figure 14- Electrical properties of the PANI/SBS blends with A) I-V curves between -1 to +1 V 

and B) conductivity of the PANI/SBS blends until 40 wt% PANI. The electrical percolation 

threshold is around 20-30 wt% of PANI in the blends. The line in B) is for guiding the eyes.  
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Figure 15- Piezoresistive response of PANI(40)/SBS(55) blends for A) 0.1 and B) 3 mm of 

deformation in 4-point-bending experiments. The electrical resistance variation follows the 

mechanical stimulus applied to the blends the different deformations.  
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Figure 16- Piezoresistive sensitivity of the PANI/SBS blend with 40 wt% PANI and 55 wt% SBS) 

in 4-point-bending experiments from 0.1 to 3 mm of deformation. A) Determination of the Gauge 

Factor (GF) in each deformation cycle and B) GF as function of the applied maximum deformation. 
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Figure 17- Piezoresistive sensitivity (GF) of the PANI/SBS blend with 40 wt% PANI and 55 wt% 

SBS, in 4-point-bending measures as a function of the number of cycles (A) Piezoresistive 

response in temperature, at 40 ºC (B). 
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Tables  

 

Table 1- Nomenclature of the PANI/SBS blends. 

PANI/SBS blend Sample 

20 wt% PANI/5 wt% OG/75 wt% SBS PANI(20)/SBS(75) 

30 wt% PANI/5 wt% OG/65 wt% SBS PANI(30)/SBS(65) 

40 wt% PANI/5 wt% OG/55 wt% SBS PANI(40)/SBS(55) 

40 wt% PANI/10 wt% OG/50 wt% SBS PANI(40)/SBS(50) 

40 wt% PANI/ 15 wt% OG/45 wt% SBS PANI(40)/SBS(45) 

40 wt% PANI/20 wt% OG/40 wt% SBS PANI(40)/SBS(40) 
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Table 2- Main mechanical properties of the several extruded PANI/SBS blends. 

Sample Young Modulus 

(MPa) 

Rupture Stress  

(%) 

Rupture Strain  

(%) 

PANI(40)/SBS(40) 30.5 ± 1.5 0.6 ± 0.1 4.4 ± 0.6 

PANI(40)/SBS(45) 16.1 ± 0.5 0.5 ± 0.1 5.0 ± 0.7 

PANI(40)/SBS(50) 15.0 ± 1.1 2.9 ± 0.2 57.9 ± 5 

PANI(40)/SBS(55) 17.3 ± 1.0 1.1 ± 0.1 35.6 ± 4 

PANI(30)/SBS(65) 7.7 ± 0.4 1.1 ± 0.1 61.4 ± 5 

PANI(20)/SBS(75) 3.1 ± 0.16 0.6 ± 0.1 58.0 ± 4 
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