
Shape changing fibres for artificial muscles 

Recent years have witnessed the appearance of synthetic functional polymers or ‘smart 

polymers’, and their subsequent venture into the fields of robotics, biotechnology, medicine 

etc. Smart polymers undergo reversible transition under various stimuli such as pH, 

temperature, electric field etc. There has been a growing interest in developing smart 

polymers, that have properties more in common with biological materials such as muscles 
and tendons and incorporating them for realistic situations. 

Artificial muscle is one such application, which has immense potential for use in robotics or 

as micro actuators or micromanipulators due to excellent bending and folding 
characteristics. 

Extensive research has been conducted on pH sensitive polymers (in hydrogel form) for 

various applications. Copolymers of N-isopropyl acrylamide- Acrylic acid-butyl methacrylate, 

N-isopropylacrylamide-sodiumacrylate, Vinyl alcohol - Acrylic acid, Acrylonitrile-Acrylic acid 

and polymethacrylic acid grafted with polyethylene glycol have reported. These hydrogels 

are responsive to external pH of the environment, but have severe limitations for 

applications such as artificial muscles. The hydrogels are mechanically weak and in the thick 
gel form show very slow response to stimuli. 

The above said limitations signifies the exploration of a novel approach that would in a 

broader sense meet the needs of artificial muscle with attributes to strength as well as 

sharper response. To be more precise these hydrogels need to be converted to mechanically 

strong thin structures, which would exhibit much sharper response as well as possess 

sufficient strength. Two routes can be attempted to prepare responsive fibres based on 
acrylic acid. 

In the first approach appropriate copolymers of acrylonitrile-acrylic acid can be synthesised 

and converted to fibres. While in the second approach the existing high strength acrylic 

fibres can be suitably modified. In the current study, we report the modification of existing 

polyacrylonitrile fibres for making pH responsive fibres. The modification involves two steps: 
1. Thermal stabilisation of fibre to impart cross-links. 2. Saponification of stabilised fibre. 

During saponification the nitrile groups are likely to be converted to carboxylic functional 

groups while the cross-links imparted during thermal stabilisation would provide stable 

structure. Though some researchers have attempted this approach little work has been 

done to study the effect of various stabilisation parameters and saponification conditions on 

the ultimate responsive behavior of the modified PAN fibres. In this paper, we present the 

effect of modification conditions on the structure, properties and response behaviour of 
fibres obtained by modification of acrylic fibre. 

EXPERIMENTAL SECTION 

Materials PAN precursor (Special acrylic fibre - SAF) was obtained from Courtaulds, UK. All 

the other chemicals with minimum assay of or exceeding 99 per cent were used without 
further purification. 

Modification of fibre 



The thermo oxidative stabilisation was carried out in a tubular furnace .The sample was 

treated in quartz tube of 5 cm diameter. The optimum length of the sample was placed with 

the help of a wire and pulley arrangement. The SAF were oxidised for different time periods 

in the range 30-300 min without load. Various parameters like aromatisation index, 
strength, diameter and shrinkage under different degrees of oxidation were investigated. 

Characterisation of special acrylic fibres and modified fibres 

The diameter of the precursor fibres and modified fibres was measured by optical 

microscopy using ‘A’ Leica - DMLP at a magnification of 10X. The density of the precursor 

fibre was measured using davenport density gradient column. Denier of fibre was measured 

in VIBROMAT ME model no 41066 using a weight of 100mg. The mechanical properties of 

fibres specimen were measured on Instron 4301. Perkin Elmer 883 FTIR was used to record 

FTIR of fibre samples. DSC studies were carried out on DSC-7 module of Perkin Elmer delta 

series thermal analyser. The wide angle X-ray diffraction (WAXD) was obtained from Philips 
X-ray diffractometer model PW 1732/10 using nickel filter Cuk (wave length) radiator. 

Shape changing behaviour of modified polyacrylonitrile fibres 

Conditioned modified polyacrylonitrile fibres (PRF-30 to PRF-300) were utilised for transition 

studies. Transition behavior of fibres was studied by measuring swelling (in terms of change 
in length per cent) when immersed in different pH solutions. 

RESULTS AND DISCUSSION 

The polyacrylonitrile has a backbone with nitrile groups attached on almost every alternate 

carbon atom. These nitrile groups are very reactive and can he converted to carboxamide 

and carboxylic acid groups. As discussed above the methodology for preparation of pH 

responsive fibres involved two steps: stabilisation at 210°C and saponification of nitrile 
groups to carboxylic acid groups. 

Structure and Properties of Stabilised and Saponified Polyacrylonitrile fibre 

The special acrylic fibres (obtained from Courtaulds, UK) contain 6 wt per cent MA and 1 wt 

per cent IA as comonomers. The IR spectrum of SAF shows two absorptions in the region of 

-CH2 group vibrations corresponding to symmetrical vibrations at 2840 cm-1 and 

asymmetrical vibrations at 2920-2960 cm-1. The spectrum also shows an intense distinct 

band at 2245 cm-1 caused by the presence of nitrile groups. The deformation vibrations of -

CH2 group give rise to absorptions at 1460-1360 cm-1 (bending vibrations) and also at 

1220 cm-1(tortional vibrations). Due to presence of nitrile groups, the polymer exhibits a 

strong exotherm in the range of 250°C to 300°C. This exothermic peak is characteristics of 

chemical changes in PAN polymers and cpolymers. Therefore, on heat treatment (oxidative 

stabilisation) the colour of fibres changed from white to yellow to brown and finally shiny 

black and shrinkage occurs along the length of the fibre. The oxidative stabilisation 

crosslinks the polymer chains with in polyacrylonitrile and this coloration is ascribed to the 

formation of conjugated sequences involving - C= N bonds, which is also responsible for 

shrinkage in the fibre. The density of the oxidised sample increases due to the complex 

chemical reaction. During the cyclisation reaction, the mass loss due to evolution of volatiles 

is less than the mass gained due to the simultaneous oxygen pick up and the original 

structure is transformed to a more closely packed ladder structure containing - C=N and - 

C=C bonds. The presence of these conjugated structures is indicated by appearance 

additional new peak at 2340 cm-1 and, a change in denier by 6 per cent was observed. The 



structure and properties of modified fibres are determined by stabilisation and saponification 
conditions. 

The FTIR of the oxidised samples show a gradual drop in the intensity at 2240 cm-1 bands, 

characteristics of nitrile stretching vibrations. The extent of stabilisation can be estimated 

from the intensity of the nitrile peak. 

The DSC thermograms of the oxidised samples confirm the availability of uncross linked 

nitrile group required for subsequent hydrolysis. However, as the time of oxidation is 

increased the intensity of exothermic peak decreases, indicating an increase in the extent of 

cyclisation/crosslinking. 

The disruption of initial structure is also reflected in the WAXD data of the stabilised fibre 

samples. A gradual decrease in the intensity and sharpness of the equatorial diffraction 

peak at 2. =170 is observed. As the oxidation proceeds a new peak appears at 2. =25.50, 

which increases in intensity with duration of heat treatment. This new reflection is attributed 

to the sheetlike structure of aromatised ladder polymer. The extent of ladder polymer of 
fibre was determined in terms of aromatisation index (AI). 

AI (%)= I(A)x100 

————- 
I(A)+ (P) 

where I(A) is the intensity of diffraction produced by aromatised structures at 2. =25.50. 

The value of aromatisation index was found to vary between 22 to 54 per cent. 

The uncrosslinked or available nitrile groups are likely to be converted to carboxylic acid 

groups during saponification step. From DSC and FTIR studies, the presence of nitrogen 

containing ring structure and carboxylic acid groups in these modified fibres (PRF) is 

confirmed. A gradual decrease in the intensity of absorption at 2245 cm-1 and the 

appearance of absorption corresponding to carboxylic acid groups is observed. 

On stabilisation the SAF fibre show a continuous decrease in tensile strength indicating 

progressive decrease in cohesive energy, breakdown and of initial structure and increase in 

the extent of reaction. The values of strength obtained for these fibers were reasonably high 
in comparison to gels. 

Shape changing behavior of modified fibres 

a) pH stimulated Elongation and contraction behaviour 

The equilibrium swelling (volumetric change per cent) of modified fibres at pH 10 was found 

decrease with increase in extent of stabilisation from 30 minutes to 4 hours. The volumetric 

change for PRF-30 was ~60 per cent compared to, 20 per cent for PRF-240. This drop may 

be attributed to the lower extent of cyclisation and more number of saponified nitrile 

groups. Interestingly, the extent of swelling was found to increase again for samples 

stabilised for 5 hours and saponified. 

b) Swelling/deswelling kinetics of modified PAN fibres 



The sample PRF-300 attained equilibrium in 180 minutes with the percentage increase in 

length of about 55 per cent. The transition rate for the swelling cycle was extremely fast 

and was found to be complete in about 4 seconds. Equilibrium was achieved in about 1-2 

seconds. Compared to swelling, the deswelling was still faster and the entire change 

occurred spontaneously (<1 seconds). The fast transition obtained in the PRF is due to the 
large surface to volume ratio provided by the fine fiber structure compared to hydrogels. 

c) Oscillatory elongation/contraction behaviour 

The modified PAN fibres were found to change shape with pH of environmental solution. 

Strong alkaline solution (2 N NaOH ) and strong acidic solution (2N HCl), induced a more 

rapid change in length. The fibres could be repeatedly subjected to cycles of elongation and 

contraction. Excellent reversibility was obtained indicating the stability of structure. This was 

repeated for five cycles. And the transition was sharp, stable and occurred reversibly. The 

increase in length was found to be about 55 per cent. The swelling behaviour of these 

modified polyacrylonitrile fibres clearly indicated very high functionality of this fiber. This 

opens up vast applications of these fibers in artificial muscles and drug delivery applications, 
where high loading is of great significance. 

CONCLUSIONS 

Polyacrylonitrile fibres were suitably modified by thermal stabilisation at 210°C and alkaline 

saponification to obtain pH responsive fibres (PRF). The stabilisation conditions were found 

to influence the swelling behaviour of these fibres. When exposed to high pH environment, 

carboxylic acid groups on the polymer would be in the carboxylate ion form, thus allowing 

for swelling of fibres. The stabilised and saponified sample PRF-300 was found to show 

swelling and contraction (in length) of about 55 per cent. The rate of swelling was faster at 

higher concentration of ions. The transition was reversible and sharp. The mechanical 
properties of modified fibre were superior to hydrogels. 

 


