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The developments in temperature-sensitive copolymers have been reviewed critically and an attempt has been made to 
synthesize a series of temperature-sensitive random l inear and crossli nked copolymers of N-tert-butyl acrylamide (NTBA) 
and acrylamide (Am) in varying proportion from 80:20 mol % to 20:80 mol % with transition temperature varying between 
2°C and 58°C. Linear copolymer with 40:60 feed ratio of NTBA and Am with actual i ncorporation of NTBA to the extent of 
27 mol % was processed i nto mechanically strong fi lms of 10-200 /.1m thickness. The transition temperatures of the 
crossli nked fi lms are found to shift towards the lower temperature from 37°C (in l inear copolymer) to - 22-25°C. In thin 
films of 10 flm, the swell ing percentage i ncreases to 4200 and the response time reduces to 5 min from 680% and 1 20 min 
respectively of the polymerized gel samples (2 mm disc) of the same composit ion. Reversible transition was also observed 
over repeated cycl ing. These copolymers were chemically i ntegrated to the texti le substrates for developing smart textile 
materials. Cotton yarns coated with this copolymer show a broad transition in the temperature range 1 5-30°C, and an 
equi l ibrium volumetric swel l ing of - 4500% in about 5 min and deswel l ing within 10  s. A model fabric, fabricated using the 
coated cotton yarns, exhibited temperature-responsive percentage cover ( 100% at 6°C and 43% above transition 
temperature). 

Keywords: Coated yarn, N-substituted acrylamide, Percentage cover, Stimul i -sensitive polymer, Temperature-sensitive 
fabric 

IPC Code: Int. CI 8 D06M 

1 Introduction 

1 .1  Stimuli-sensitive Polymers 

Stimuli -sensi tive polymers (SSP) are a class of 
polymers that show a reversible transformation from 
one state to another as a response to various stimuli 
from the environment. These polymers are also 
known as smart-polymers or intel l igent-polymers . 
The temperature-sensitive polymers are the most 
widely studied among the stimuli -sensitive polymers. 
Besides the widely studied temperature stimulus, the 
other chemical and physical sti mul i  which bring about 
a reversible transition in such polymers i nclude 
electric field, solvent composition, l i ght,  pressure, 
sound, stress' magnetic field, and chemical and bio
chemical stimul i  ( i .e .  pH and ions). 1 .2 These polymers 
provide a big opportunity for creating intel l igent 
materials. 

I mmense interest has been shown in polymeric 
systems exhibiting stimul i-sensitive properties, ever 
si nce the observation of lower critical solution 
lemperature (LeST) behaviour 111 poly [ l -(N
isopropylaminocarbonyl) ethylene] (PNIPAm) 
solution .'A The aqueous solutions of the temperature
sensitive polymers change their phase reversibly from 
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soluble state to an insoluble state across the LeST. A 
few other polymers having solution properties si milar 
to PNIPAm are: poly (N,N'-dimethylacrylamide), 
poly(N-n-buytlacrylamide), poly(N-acryloylpiperidine), 
poly(N-acryloylmorpholine), poly(methoxy methyl 
acryl ic acid), poly(propionylethyleneimine), poly(vinyl 
methyl ether), and poly(N,N'-dimethylaminoethyl 

methacrylate).4- 1 3 Due to the presence of LeST 
phenomenon in the aqueous solutions, these polymers 
in their hydrogel form exhibit a reversible change 
form hydrophi l ic  to hydrophobic transformation at the 
transi tion temperature, which l ies at the LeST. A 
hydrogel i s  a three dimensional network of 
crossli nked hydrophi l i c  polymer chains that can swell 
and hold a large amount of water while maintaining 
the structure. The polymer when synthesized in 
hydrogel form exists in  a swollen state below the 
transition temperature and in collapsed state above the 
trans ition temperature. As this transformation occurs 
at a particular temperature and is reversible, the 
hydrogel becomes useful as an intel l igent actuator. 
The huge difference in water-holding capacity ,  which 
transforms reversibly according to the transition 
temperatures, has the potential of being exploited for 
different applications. These polymers are therefore 
being used in  the form of hydrogels .  
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The stimuli-sensitive polymers have both 
hydrophilic and hydrophobic groups in their structure. 
For example PNIP Am has hydrophobic backbone and 
a pendent group which has a hydrophi l ic  amide 
moiety and a hydrophobic i sopropyl moiety (Fig. I ) . 
Depending upon which among the hydrophil ic or 
hydrophobic i nteractions dominate, the polymer exists 
as an extended chain or a collapsed chain. The 
transition temperature of the PNIPAm hydrogel i s  
about 33°C. Below the transition temperature the 
polymer gel absorbs water and exhibi ts swell ing.  An 
abrupt conformational change occurs from a state of 
extended-chains to a state of coiled chains as the 
temperature approaches the LCST. As the temperature 
is raised above the transition, the hydrogen bonds 
formed between water molecules and N-H or C=O 
groups of PN IPAm i n  dilute solution become weak 
and water dissociates from the polymer. Heat i s  
absorbed duri ng this process. This i s  followed b y  the 
formation of polymer aggregates through 
interpolymeric van der Waals i nteractions at the 
hydrophobi c  i sopropyl moiety. 1 4- 19 

PNIPAm is the most widely studied temperature
sensitive polymer because i t  has transItIOn 
temperature close to the body temperature.20 

Monomer N-isopropylacrylamide (NIPAm) i s  a 
suspected carc inogen and a neurotoxin.2 1 S ince i t  has 
a strong odor, its contamination is easily detected. On 
the other hand, PNIPAm is approved by Food and 
Drug Administration, USA.22 

These polymers find various applications in the 
field of controlled drug deliverl3-3 1 , molecular 
separation32, enzyme activity controI33.34, artificial 
muscles3s-37, and extraction.38 Different applications 
put a requirement for the transformation to occur at a 
desired temperature in  order to achieve the switching 
at that particular temperature. The design of the 
hydrophilic-hydrophobic balance therefore becomes 
necessary. Studies have shown that the LCST of a 

tH2C--rHjn 
c1 =ol _ NH I Hydrophilic group 
I /CH, H3C cH3 1 

t 
Hydrophobic group 

Fig. 1- Hydroph i l l ic and hydrophobic moieties in NIPAm 
polymer 

-

polymer can be designed to a desired value by 
changing the monomer structure or by 
copolymerization. Also, additives and solvents have 
been found to affect the transition temperature. Work 
has also been carried out to combine two different 
stimuli i n  a polymer by copolymerization of two 
monomers.29.30.39-46 

1 .2  LeST and its Determination 

There is a range of concentration where a polymer 
in a solvent (binary system) formi ng a single-phase 
system is unstable and can form two separate l iquid 
phases (two solutions with different concentrations). 
Generally, the polymer solutions show the 
combinatory free energy of mix ing less than the pure 
phases at all concentrations above a certai n  
temperature, called the upper critical solution 
temperature (UCST), and there i s  only one phase. At 
temperatures lower than the UCST, the single phase 
separates into two because the above condition of free 
energy change is  not met. Although phase transi tion 
studies on polymer solutions have mostly been 
concerned with upper critical separation, the 
occurrence of the solubil ity gap widening above a 
certain temperature has also been known for a long 
time. Although the solution is homogeneous at low 
temperature, a macroscopic  phase separation appears 
when the temperature exceeds a critical value called 
the cloud point of the mixture .  The LCST can be 
considered as the lowest cloud point of the system as 
i t  corresponds to the minimum of the phase diagram 
[Figs 2(a and b)] .  It was first reported for a polar 
system i n  which the miscibil ity could plausibly be 
attributed to the formation of hydrogen-bonded 
complexes that dissociate as the temperature is 
i ncreased. In some systems, LCST may be at room 
temperature and thus easily accessible.47.48 

PNIPAm has an LCST i n  the range of 3 1 -34 °C 
where it undergoes tr'Vlsitions in the physical 
properties, such as mechani cal, optical and thermal 
properties. These changes i n  temperature-sensitive 
polymers/gels are used to characterize the transition 
temperature of polymers/gels by dynamic mechanical 
measurement, infrared (FfIR), UV -Vis  
spectrophotometry (UV -Vis) ,  differential scanning 
calorimetry (DSC), nuclear magnetic resonance 
(NMR), atomic force microscopy (AFM), and X-ray 
scattering. 
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Fig. 2- Phase separation diagrams: (a) showing UCST, ( b) showing LCST 

1 .3 Tuning of Transition Temperature 

1.3. 1 By Usillg Additives 

The effects of various additives on the phase 
transition behaviour of PNIPAm have been studied 
earlier. 1 8.49 The additives discussed are salts, 
surfactants, hydrotropes, organic solutes, solvents and 
polymeric materials .  The gel volume decreases with 
the increase in  the salt concentration, finaIIy leading 
to a coIIapsed state at a h igher salt concentration.  
Sodium dodecy l  sulfonate increases the viscosity of 
PNI PAm and prevents its precipitation even at boi l i ng 
temperature. The trans ition temperature i ncreases 
with the increase in sodium dodecyl sulfonate 
concentration due to the repulsion between the 
adjacent polymer-bound miceIIes. Hydrotropes 
decrease the transition temperature. PNIPAm i s  
soluble in  a variety o f  organic  solvents, such as 
tetrahyrofuran, methylethyl ketone, chloroform, 
acetone, dimethyl sulfoxide, dioxane and lower 
molecular weight alcohols. The solubi l i ty is attributed 
to the possibi l i ty ' of hydrogen bonding with the 
solvents, As may be expected, s ince the aqueous 
solution tends to i mprove the solubil i ty of the 
polymer ( i .  e,  stronger hydrophi l ic  in teractions), the 
transition temperature increases. However, the ini tial 
depression is  observed for organi c  solvents before an 
increase. Addition of h igh molecular weight 
polymeric substrates to the swel l ing medium is  one 
way of selectively increasing the external osmotic 
pressure. With the increase in external osmotic 
pressure, the transitIOn temperature decreases. 
Addition of PNIPAm to the sweI I ing medium causes 
loss in discontinuity and decrease in transition 
temperature. 

1.3.2 By De�'igllillg Monomer Structure 

The chemical groups present in  the monomers 
affect the hydrophi l ic  and hydrophobic balance. B y  

altering the backbone o r  pendent groups, thi s  balance 
may be designed to obtain the LCST at the desired 
temperature. Poly(acrylamide) (PAm) a highly 
hydrophi l ic  polymer shows complete solubil ity (no 
transition ti l l  1 00°C) ; poly(N-methacrylamide) shows 
no LCST below 95°C; poly(N-ethylacrylamide) 
shows LCST at 82°e; much more hydrophobic 
poly(N-n-butylacrylamide) has LCST at 25°C; and 
hydrophobic poly(N-tert-butylacrylamide) is 
considered to have a theoretical LCST at -5°C 
(ref. 50) . 

Other monomers which have been polymerized to 
give a wide range of transi tion temperatures5 1  are: 

Monomer 

poly(N-n-propylacrylamide) 
poly(N-n-propyl methacrylamide) 
poly(N-isopropyl methacrylamide) 
poly(N -ethy I methacry lamide) 
pol yeN -cyclopropy l acry lamide) 
poly (N-acroylpiperidine) 
poly(N-methacroylpiperidine)  
poly(N, N'-diethylacry lamide) 

1.3.3 By Copolymerization 

Transition temp., °C 

: 1 6- 1 9 
: 22-29 
: 40 
: 54-57 
: 4-6 
: 4-6 
: 1 8-42, and 
: 30-32. 

Instead of designing the N-substituted monomers 
for each transition temperature which may be needed 
for a specific appl ication and then polymerizing the 
monomer, it is more practically  feasible to use the 
readily available monomers of certain hydrophi l icity 
and obtaining the desired transition temperature by 
copolymerizing with hydrophi l ic or hydrophobic 
comonomers. 

Many studies h ave been carried out, where the 
copolymers were prepared either for having response 
to two stimuli (temperature and pH) or for adjusting 
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the transition temperature of the resulting copolymer 
by the design of hydrophilic-hydrophobic balance. 
Though the polymers have response to two different 
stimuli (temperature and pH), the presence of the 
other comonomer affects the transition value of each 
stimulus. 

A series of pH- and temperature-responsive random 
copolymers containing NIPAm and acrylic acid 
(AAc) was synthesized by radical copolymerization52 

and. their LCST was determined by cloud point 
measurement over a range of pH environments. The 
LCST of these copolymers significantly change with 
the variation in pH of the aqueous environment. 
Compositions 20:80, 54:46 and 32 :68 of NIPAm and 
acrylic acid were found to have LCSTs as given in 
Table I .  

In a similar study53 , the copolymer of NIPAm and 
AAc with 80:20 composition (feed) shows transition 
points at 29.5, 36.0 and 4 1 .0°C for the pH 2.2, 3 .9 and 
4.2 respectively. Cloud point of the 80:20 solution 
decreased in the non-ionized state of AAc units ,  
whereas it increased in ionized state of AAc units in . 
comparison to the cloud point of NIPAm itself. The 
cloud point decreases through the intermolecular or 
intramolecular bonding between the amide groups of 
the PNlPAm and the carboxylic groups of the AAc. 

In another stud/4, NIPAm was varied from 
o mol % to 29 mol % in copolymer with AAc. I t  was 
found that the LeST of the copolymer with 29 mol % 
of PNIPAm showed a transition temperature at 38°C, 
slightly higher than that of the homopolymer 
PNIPAm, whereas with only 10 mol % NIPAm, the 
transition temperature was not observed at neutral pH 
due to high hydrophilicity of the copolymer. 

For specific applications l ike controlled release of 
drugs, the dual responsivity of the poly(NIPAAm-co
acrylic acid) was explored55 and found to be useful .  In  
a release mediu m  of p H  7 .4, the release of aspirin 

Table 1- LCST values of the various compositions of 
NIP Am : AAc at di fferent pH values 

pH LCST, oC 
20:80 46:54 68:32 

1 .0 < 0  < 0  < 0  
1 .5 3 1 0  I I  
2.0 1 6  1 5  1 4  
2.5 26 26 1 8  
3.0 5 1  45 22 
3.5 28 
4.0 43 
4.5 

(colon cancer inhibitor) from poly(NIPAAm-co
acrylic acid) gel was quicker at 37°C than at 25°C. 
Aspirin could mostly be targeted to the intesti ne. 

Microgels, composed of random copolymers of 
N-tert-butylacrylamide, NIPAm, AAc and N,N'
methylenebisacrylamide, were synthesized?' These 
microgels provided temperature transition from 32°C 
to 80 °C. Due to the incorporation of AAc units, these 
microgels exhibited phase transitions at the acidic pH 
values. At basic pH values, these copolymers 
exhibited phase transitions which were either shifted 
at higher temperatures or totally absent in the 
experimental range of 4-55°C. _ 

I . d)7 Modified poly(NIPAm-co-AAc) were synt leSlze 
by radical copolymerization of NIPAm and acrylic 
acid with small amount of hydrophobic comonomers 
such as 2(N-ethylperfluorooctanesulfonamide), ethyl 
methacrylate, stearyl acrylate or !auryl acrylate in tert
butanol using ethylene glycol dimethacrylate as a 
crosslinking agent. Swell ing kinetics and fluorescence 
studies showed that the extent of swel ling, 
temperature sensi tivity and pH sensi tivity of the 
hydrogels were affected by hydrophobic modification. 

Methylenebisacrylamide crosslinked copolymer 
gels ,  showing gradual phase transition induced by 
temperature, were synthesized by redox 
polymerization of NIPAm with AAc under constant 
electric current. Gels were synthesized in four parts 
by placing them between two carbon electrodes, one 
cathode and the other an anode. The anode caused the 
protonation of AAc. Since the protonated AAc is less 
hydrophilic than the ionized AAc, it results in a lower 
LCST. AAc i n  three concentrations 0.85, 1 .7 and 2.8 
mol % were taken. For the 0 .85 mol % concentration 
of copolymer, the four parts had the transition 
temperatures at 36.3, 39.2, 4 1 .0 and 4 1 .3°C, while the 
gel copolymerized without the electric current had a 
transition temperature at 38 .2°C (ref. 58) .  

A methylenebisacrylamide crosslinked 
poly(NIPAm-co-AAc) hydrogel with rapid 
temperature sensitivi ty and . i mproved oscil latory 
properties, over small temperature cycles and over the 
physiological temperature of 37°C, was synthesized in 
alkaline solution of pH 8.8 (ref. 59). SEM 
micrographs revealed that the unique properties 
achieved could be attributed to the expanded network 
structure generated in the alkaline solution during the 
copolymerization reaction. 

Hydrogels have also been prepared by free-radical 
polymerization in the aqueous solution of NIPAm 
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with AAc, methacrylic acid or 2-methyl-2-
acrylamidopropane sulfonic acid (AMPS) as 
comomomers.60 For each copolymerization, three 
different compositions were used and for all systems 
three concentrations of tetra-functional crosslinker 
were employed. With AAc and AMPS as 
comonomers, there is a strong tendency for the 
transition temperature to increase with the content of 
comonomer. While the linear homopolymers of AAc 
or AMPS in water do not exhibit a lower critical 
solution temperature, the LCST of the NIPAm 
copolymer was found to increase from 34° to 47°C, 
when the mol % of acrylic acid increased from I to 
1 0. The crossl inker density was not found to 
significantly affect the LCST. However, with AMPS 
as a comonomer, the rise in LCST of the copolymer 
was more dramatic, the LCST increased from 33°C to 
55°C with a similar increase in the AMPS content. 

Similarly, when a hydrophobic comonomer butyl 
methacrylate was copolymerized to an extent of 
4 mol % with NIPAm, it showed a decrease in the 
LCST from 32°C for pure NIPAm hydrogel to 29°C 
(ref. 6 1 ). Copolymerization with hydrophilic 
po\y(acry\amide) increased the transition temperature 
to 35°e. 

In another stud/,2, copolymerization of NIPAm 
with hydrophil ic comonomer N-hydroxymethyl 
acrylamide (NHAAm) by redox polymerization led to 
an increase in the transition temperature and gain in  
its abi lity to  bind with dyes, PEG4000 or  MBA was 
used as crosslinker. S imi lar copolymer hydrogels of 
NIPAm and acrylamide having a thermoresponsive 
behaviour were also reported.63 Hydrogels with 
different thermoresponsive properties were obtained 
by changing the initial NIPAM/acrylamide mol ratio 
and crosslinker concentration. 

Co-grafted polyethylene membranes were prepared 
by grafting NIPAm and methacryl ic acid (MAA) 
using sequential photografting method.64 A di-block 
covalent structure was formed. Complexes were 
observed to be formed between the two blocks. 
Grafting occurred in pores under controlled 
conditions with the help of pore wetting agents, but 
only with low yields. The blocks thus formed were 
independently activated. At pH 7 .4, a thermal 
transition near the LCST of pure PNIPAm occurred 
for the membranes of all co-graft compositions. At 
this pH the NIPAm segments underwent LCST 
transitions in much the same way as homopolymers of 

NIPAm do. However, at pH 4.4 the LCST could not 
be detected within the temperature range 0-60°C for 
the membranes with methacrylic acid content of 22% 
or higher. A possible explanation for the 
disappearance of the LCST under these conditions is 
that at pH 4.4, hydrogen bonding occurs between the 
amide groups of PNIPAm segments and un-ionized 
carboxyl groups on PMAA, resulting in the formation 
of PNIPAmJPMAA complexes. 

Copolymerization of NTPAm with acryloyl 
aminoacidsr,5 led to the lowering of LCST, while the 
incorporation of p-aminobenzimidine (PABA) led to 
the enhancement of LCST. The a-protons of the main 
chain of 6-amino caproic acid (ACA) and the side 
chain protons of the NIPAm interact, leading to the 
increase in hydrophobicity. The LCST of poly
(NIPAm-co-ACA, 80:20) was observed at 22°e. The 
incorporation of p-aminobenzimidine led to the 
increase in the hydrophi l ic i ty of the poly(NIPAm-co
PABA, 70:30) with the trans ition temperature shifting 
to 54°e. 

A series of copolymers of NIPAm with 3-methyl- l 
vinyl imidazolium iodide (MVr/6 were prepared with 
various molar ratios of NIPAm. MYI being a cationic 
monomer increased the swelling ratios as well as the 
transition temperature. The transition temperature 
increased to 50 °C with the incorporation of 6% MYl.  
Correspondingly, the swelling ratio too increased 
from 1 4 1 0% to 8790%. 

1 .4 Drawbacks and Limitations of Current Stimuli-sensitive 
PoiymerslHydrogeis 

The temperature-sensitive polymers are used in the 
hydrogel form because these polymers are soluble in 
water at temperatures below the LCST. As these 
hydrogels are synthesized using crosslinkers l ike 
N,N'-methylenebisacrylamide or ethylene glycol 
d imethacrylate during polymerization, this results in a 
number of drawbacks because of the crosslinked 
physical structure. 

The major drawback of stimuli-sensitive polymers 
when polymerized i n  the gel form i s  their slow 
response at transition. A disk shaped gel of PNIPAm
co-poly(ethylene oxide) of 0.7 cm diameter in  dry 
state requires 75 h to attain equil ibrium.67 In another 
study, pH and temperature-sensitive hydroge\s 
(thickness 1 - 1 .5 mm) based on N-acryloyl -N'
methylpiperazine and methyl methacrylate ions have 
been reported to show a reversible response to pH 
with a long response time of  1 50 min  (ref. 68). 
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I The hydrogel response time or sensitivity is 
strongly influenced by the diffusion rate of water i n  
and out of the hydrogel structure, which, in  turn, i s  
dependent upon the gel thickness. Faster response 
time is essential for nearly all applications. The 
response rate of a hydrogel is inversely proportional 
to the square of the dimensions of gel. The response 
time which is diffusion controlled is given by the 
following relationship: 

where T is the time for diffusion to achieve 
equilibrium; r, the smallest gel dimension in the 
swollen state; and Dcoop, the cooperative diffusion 
coefficient of the network in the swell ing solvent 
(Dcoop for PNIPAAmlwater is 3x 10.7 cm2 S- I ) .  

The numerical value of  Dcoop varies between 1 0-7 
2 -I d 1 0-6 2 - I d d' h cm s an cm s ,  epen 109 upon t e 

crosslinking density, polymer concentration, etc. It is 
not easy to increase the value of Dcoop by a factor of 
102 69·72 Th I '  f h or more. e rea time response 0 t e 
gel depends on the gel geometry and is always larger 
than T. 

The simplest way to improve the response time is 
to make hydrogels thinner and smaller. This usually 
makes the hydrogel systems too fragi le and 
mechanically weak for applications.  Therefore, the 
hydrogels are being made in thicker dimensions. 

Several other approaches for making the polymers 
structure with faster response time have been 
reported73.83, but these studies also report loss in 
mechanical strength of the hydrogels. Some of the 
strategies that have been proposed in order to increase 
the response rate for PNIPAm73 include (i) formation 
of a heterogeneous network structure of the hydrogel 
through a phase separation method 74-75 ; ( i i)  graft
copolymerisation, where the free ends of the grafts act 
to accelerate the dehydration rate76-78; ( i i i) use of a 
comb-type grafted PNIPA7 1 ; (iv) use of silane 

I· k' 80 8 1 . . cross 10 109 agents . ; (v) cold polymenzatlOn 
methods82; (vi) synthesis of cryogels83 ; and (vii) use 
of polyethylene glycol (PEG) as a pore-forming agent 
during the polymerization reaction.73 All these 
modifications led to the improvement in the response 
time typically ranging by one order of magnitude. 
Simi larly, the swelling ratios of the hydrogels varied 
from 1 50% to 3000% based on the thickness and 
crossl inking density of the hydrogels. However, ti l l 
date the improvement in  response time and other 

transitional properties is limited, because these 
polymers have not been subjected to processing . into 
mechanically strong thin shapes. 

Stimuli-sensitive polymers are expected to 
overcome the above-mentioned l imitations of slow 
response, l imited transition and weak mechanical 
properties and find additional numerous novel 
applications if : 

( i) a new series of stimuli-sensitive polymers could 
be synthesized with a structure that can render 
them processable, 

(ii) these new polymers could be processed into 
thin films with thickness in the range of few 
microns, 

(i i i) alternately, these polymers could be integrated 
as coatings to non-active substrates such as 
mechanically strong yarns and fabrics, and 

(iv) the resultant fi lm or SSP-substrate composite 
could retain the thermo-sensitive property . 

I n  this study, a series of linear temperature sensitive 
copolymers of NTBA and Am were synthesized 
(Fig. 3) .  NTBA is a highly hydrophobic monomer 
while Am is a highly hydrophilic monomer, and 
together they are expected to provide a desirable 
hydrophilic and hydrophobic balance for temperature
senSItive behaviour when copolymerized. 
Additionally, it is expected that the acrylamide side 
group (amide group) can provide a reactive site which 
can be utilized for stabilizing the processed structure 
by crosslinking in the presence of polycarboxylic acid 
compounds. A selected copolymer from this series 
was used for the purpose of processing into thin films 
and coating of yarn to overcome the -above-mentioned 
drawbacks of SSP hydrogels and to develop smart 
textile materials. 

2 Materials and Methods 

2.1 Materials 

NTBA and acrylamide monomers were used for the 
synthesis of copolymers. NTBA was synthesized by 
the Ritter's reaction84 and N',N-methylenebisacryl-

A+CH2-
T
HtfC��yH-4A 

o=c n c=o m 

I I 
NH2 �H 

H3C-C-CH3 
I 
CH3 

Fig. 3-Chemical structure of copolymer 
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amide (MBA) was used as a cross-linking monomer. 
Other chemicals used were ammonium persulfate; 
methanol ; acetone; 1 ,2,3 ,4-butane tetra carboxylic 
acid (BTCA); c l tnc acid (CA); and sodium 
hypophosphite. Al l  the chemicals were with the 
minimum assay of (or exceeding) 99% and were used 
without further purification. 

A 22s Ne cotton yarn was washed at 60°C with 1 g 
L- 1 non-ionic detergent and then used as a textile 
substrate for the study. 

2.2 Methods 

2.2.1 Copolymer Synthesis 

Free radical polymerization reaction was carried 
out in methanol at 50 ± 1 °C in the presence of 0. 1 mol 
% ammonium persulfate. The monomer concentration 
was fixed at 2 mol L- 1 and the NTBA content of the 
monomer feed was varied from 1 00 mol % to 20 mol 
% (Table 2). Both l inear as well as crosslinked 
copolymers were prepared. For the crosslinked 
copolymers, MBA ( 1 . 1 3  mol %) was also used along 
with the monomers. The doses of acrylamide were 
regulated to control the polymer architecture as 
described elsewhere.85 

2.2.2 Characterization 

The composition of the copolymers was determined 
by FTIR and elemental analysis as per the detai ls 
given elsewhere86 (Table 2). The detailed 
characterization of all the copolymers has been 
reported earlier.85.86 The density of the B40:A60 

Table 2 - Compositional ratios of the copolymers of NTBA and 
Am and their transi tion properties 

Comonomer NTBA LCST for Transition Change in 
feed ratio content i n  copolymer temperature swel l ing % 

(NTBA : Am) copolymer solutions for at 6- 80°C 
mol % (by FfIR)  (conc. in crossl i nked (x Ppolymcr) 

mol % wt% at copolymers 
LCST) °C 

°C 
PNTBA 1 00 Insoluble No transition 

B80:A20 75 Insoluble Begins at 2 42- 1 9  

B70:A30 58 Insoluble 1 0  280-22 

B60:A40 38 17 (0.375%) 1 9  327-46 

BSQ:A50 32 27 (0. 1 5%) 27 424- 149 

B40:A60 7,,7 38 ( 1 .25%) 37 480- 1 82 

B30:A70 26 No LCST 45 483-3 1 1  

B20:A80 1 1  No LCST 58 689-506 

PAm 0 No LCST No transition 

ppolvmer is the density of  respective polymers: PB40:A60 = 1 .4 g cm -I ;  
and PPAm = 1 . 38 g cm-I 

(where B i ndicates NTBA and A indicates 
acrylamide) copolymer was found to be 1 .4 g cm-3 . 

2.2.3 Processing into Films 

The copolymer B40:A60 (NTBA:Am: :27 :73) were 
converted to thin films of 1 0-200 !-!In. The details of 
processing of l inear copolymer into thin films has 
been reported earl ier. 86 

2.2.4 Coating of Yams 

A 20 wt% solution was prepared by vigorously 
stirring purified and dried copolymer powder in 
double-distil led water for 20 min. To this mixture, 
4.96 wt% (conc. equivalent to 50 mol % of available 
amide groups) of BTCA (crosslinker) and 0.5 wt% of 
sodium hypophosphite (catalyst) were acded and 
stirred. The mixture was then left in the refrigerator 
for 48 h for deaeration to obtain a highly viscous and 
clear homogeneous solution. 

The prepared yarn was dip-coated with the above 
coating solution, keeping a dwell time of 5 min 
followed by nip-squeezing. The coated yarn was dried 
at 1 20°C for 5 min and cured at 1 80°C for 6 min 
(Fig. 4a) . 

Three coated yarn samples (each 1 m length) were 
used for the determination of add-on and i ts variation. 
The coated yarns were evaluated for integrity by 
subjecting them to washing at 6°C (temperature below 
the transition) with intermittent stirring for 5 h. The 
loss in weight was determined gravimetrically on the 
basis of coating add-on. 

2.2.5 Preparation of Model Fabric 

The cured coated yarns were glued on a square 
support made of copper wire in warp configuration, 
with a spacing of 1 .3 mm as shown in Fig. 4 b .  

2.2.6 Transition Behaviour 

Copolymers and Thin Films 
The LCST of l inear copolymers, swelling 

transitions, kinetics and reversibil ity of crosslinked 
gel discs and processed thin fi lms were evaluated as 
per the detail s  gi ven earlier. 85,86 

Coated Yarn 
The coated yarn was first conditioned by subjecting 

it to swelling at low temperature (6°C) and then its 
transition behaviour was evaluated by placing the 
sample in water and measuring the change in yam 
diameter with temperature. The diameter was also 
measured after keeping the yarn for 5 min which is 
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(a) 

Coated yarn 

(b) 

Cotton yarn 

Copper grid 

Smart polymer 
coating 

Fig. 4--(a) Optical micrographs (x 1 0) of 22s Ne cotton yarn 
coated with stimuli-sensitive copolymer; (b) schematic 
representation of the model fabric assembled using copolymer 
coated yarns in warp configuration on a copper grid 

sufficient for attaining the equilibrium swell i ng at any 
temperature. The swell ing percentage was calculated 
on the basis of change in diameter using the following 
equation: 

where dscy is the mean diameter of swollen coated 
yarn; ddcy, the mean diameter of dry coated yarn; and 
dyam. the mean diameter of dry yarn. The diameter 
values were measured in �m at ten different places 
along the length of the yarn. 

Both the swelling and deswelling behaviour was 
studied to determine hysteresis .  The rate of transition 
during swelling and deswelling was studied by 
observing the change in diameter of the sample with 
time after the sample was subjected to 6°C for 
swel l ing and 80 °C for deswel l ing. 

Model Fabric 
The open space in  the model fabric was studied in  

the temperature range 6-80°C. The model fabric was 

placed in a water-bath at each selected temperatures 
for 5 min to attain equilibrium. The area of the open 
space between the yarns was measured by image 
analysis using a digital camera attached to a Leica 
Microscope (Model MZ 6). The open spaces were 
calculated as the percentage of the overall area of 
fabric. 

3 Results and Discussion 

3. 1 Copolymer Synthesis and Characterization 

The reactivity ratios for copolymerization of NTBA 
and Am have recently been reported as 0.5 and 1 .5 
respectivell7 for polymerization at 50°C. Therefore, 
during polymerization the dosing of more reactive 
monomer Am was regulated to obtain random 
copolymers of controlled composition. The monomer 
Am was introduced in four equal doses. Poly(N-tert
butylacrylamide) (PNTBA) and poly(acrylamide) 
(PAm) were also prepared for the comparison with 
copolymers. 

Table 2 shows the composition of copolymers as a 
function of acrylamide in  the feed. The NTBA 
incorporation in  the copolymer was found to be lower 
than that fed i n  the como no mer feed. This is due to 
the lower propagation rate constant of growing 
radicals with vinyl groups of NTBA compared to Am 
monomer and different solubil ity of monomers.88 

3.2 Processing into Films 

As mentioned earlier, in order to obtain fast 
transitions, high functional efficiency and exploit new 
potential applications, i t  is extremely important that 
such stimuli-sensitive polymer systems should be 
developed which can be processed i nto structurally 
strong and thin desirable shapes. This can be achieved 
by converting the l inear copolymers (containing 
reactive groups) into desirable shapes and 
subsequently crosslinking (using suitable 
cross l inkers) them without adversely affecting the 
stimuli-sensitive response of the material . The 
presence of reactive side groups in the monomer can 
be uti lized to introduce crossl inks with the help of 
polyfunctional crosslinkers. Tbe crosslinker can 
bridge the inter-polymer chains or integrate the chains 
to the substrate. This approach of i ncorporation of 
responsive polymers in the form of thin film/coating . 
on reactive flexible substrate would provide active 
polymer layer on top of substrates. Such a structur' 
would give mechanically strong SSP composites 
large surface area. 

/' 
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In order to prepare thin film structures having 
transition near room temperature, copolymers with 
transition just above the room temperature were 
thought to be suitable. Among them l inear copolymer 
B40:A60 (27 mol % NTBA) was found to show a 
sharp reversible transition at 37 °C. Also, this 
copolymer has a large fraction of acrylamide side 
groups desirable for crosslinking and hence was 
selected for converting into SSP films. 

In  our earlier study89, citric acid and BTCA were 
found to be appropriate crosslinking agents for 
carrying out reactions with amide side groups of the 
acrylamide moiety. Carboxylic acid was found to 
condense with amide side groups to form imidt? 
l inkages. The feasibility of crosslinking polymer 
chains using amide side groups and polycarboxylic 
acid crosslinking agents in the presence of catalyst 
sodium hypophosphite has been established using 
FfIR and NMR. Therefore, BTCA was selected for 
obtaining crossl inks in  SSP films of the copolymer. 
The concentration of crosslinker was varied to 

. obtain structures with different degrees of crossl ink 
density. 

The cast films on curing become mechanically 
strong, durable and insoluble. The fi lms with higher 
crossl inker concentration were found to have superior 
mechanical integrity suggesting higher degree of 
crosslinking. Uniform films with thickness of 200 11m 
and 10 11m were successfully prepared. 

3.3 Coated Yarn Structures 

3.3.1 Coatillg Add-Oil and Integrity 

The add-on percentage for the coated cotton yarn 
(Fig. 4 a) was found to be 670% with a CV% of 
1 0.73. The integrity of copolymer coating to yarn was 
found to be excellent. The coated yarns showed no 
weight loss on either hot or cold washing, suggesting 
that the polymer chains are chemically bound to the 
cotton substrate. The good i ntegrity at high add-on of 
the stimuli-sensitive copolymer on the yarns can be 
attributed to the penetration of copolymer into the 
porous structure and crosslinking with the high 
internal surface area of the spun yarn. 

The crosslinking appears to occur due to · the 
condensation between the amide side groups of the 
copolymer and carboxyl ic  acid groups of the 
crosslinker. The carboxylic acid groups of 
T)olyfunctional crossl inker also react with hydroxyl 

" IPS of the cellulose substrate, resulting in chemical 
,. of copolymer onto the substrate. 

3.4 Transition Behaviour 

3.4.1 Trallsitioll Behaviour of Linear Copolymers 

The phase transition behaviour of l inear 
copolymers was found to be quite sensitive, reversible 
and reproducible to thermal stimuli .  The transi tion 
temperatures for l inear copolymers are given in  
Table 2.  The copolymers B80:A20 and B70:A30 were 
insoluble in water, while in  the copolymers B30:A 70 
and B20:A80, the LCST could not be observed. This 
may be due to the extremely high hydrophi licity of 
the copolymer. The LCST varied between 1 7°C and 
38°C for the intermediate compositions (B60:A40, 
B50:A50, B50:A50F and B40:A60) of copolymers. 
These copolymers exhibit a change in their LCST 
with the change in composition. With i llcreasing 
content of NTBA from 27 mol % to 38 mol %, the 
LCST of the copolymers decreased from 38°C to 
1 7°C. 

3.4.2 Crosslillked Gels 

The gels showed sharp tram;HlOns and complete 
reversibility with small hysteresis. The transition 
temperature varied between 2°C and 58°0 for 
copolymers gels containing 75- 1 1 mol % of NTBA 
(Table 2) .  The transition temperatures (the inflexion 
in swelling% vs. temperature curves) for gel 
copolymers were found to be very close to those 
observed in their l inear counterparts. This suggests 
that both l inear and gel copolymers have similar 
distribution of comonomers. The transition 
temperature increased with the increase in acrylamide 
content in the copolymers. 

The swelling and deswelling kinetics of copolymer 
gels were studied by recording the change in swell ing 
percentage with time for copolymer gels (2mm thick 
discs). The swelling-deswell ing curves for the 
conditioned gel (third cycle) for varying composition 
of copolymer gels are shown in Fig. 5. The kinetic of 
swel l ing and des welling were slower for the first 
cycle compared to the third cycle. As observed from 
the figure, the rate of swel l ing of gels in  the third 
cycle took 2 h to reach eq�i l ibrium while it was a 
l ittle faster for deswelling. The response was similar 
for all the subsequent cycles. 

3.4.3 Processed Thin Films 

The LCST of l inear copolymer contammg 27% 
NTBA is  found to be 37 °C (Table 2). Since the 
crosslinking occurs at amide side groups, crosslinked 
SSP films were expected to show transition 
temperature depending on the crosslinker 
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Fig. 5 - (i )  Rate of swell ing at 6 °C in the third cycle, and ( i i )  rate of deswell ing at 80°C in the thi rd cycle for the SSP copolymers 
[(a) B 80:A20. (b) B 70:A30, (c) B60:A40. (d) B 50:A50. (e) B40:A60, (f) B30:A70, and (g) B20:A80J 
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Fig. 6- Temperature dependence of equi librium swel l ing of 
poly(NTBA-ran-Am) (27:73) processed fi lms of 10 11m thickness 
with BTCA content [(a) 36.9 mol %, (b) 49.3 mol %, and (c) 6 1  
mol % J  

concentration. This is because crossl inking would 
affect the hydrophilicity of the copolymer. Figure 6 
shows the behaviour of thin ( 1 0  /lm) fi lms obtained 
using BTCA. As expected, the incorporation of 
cross linker caused a significant reduction in transition 
temperature from 37°C to about 20°C. The thickness 
of the films did not affect the transition temperature. 

The swel ling-deswelling of the both SSP films 
(thickness 200 and 10 !lm) on the glass slides 
exhibited a very sharp response compared to polymer
gel discs (2 mm) . When the temperature of the 
swollen SSP film  was modulated from 6°C to 80°C, it 
took only 5 min to expel the water to attain 

Swelling Deswelling 

4000 r---------------------�� 

� 3000 a 

x 
b on :.§ 2000 

<> 3 Vl 
1 000 

c 

o 1 2 3 4 5 6 7 8 9 1 0  1 1  
Time (min) 

Fig. 7- Rate of transition of poly(NTBA-rall-Am) (27:73)  
processed fi lms of 1 0  11m thickness with BTCA content [ (a)  36.9 
mol %, (b) 49.3 mol %, and (c) 61 mol %J 

equilibrium collapsed-state in thicker films (200 /lm) 
and less than a minute in thinner fil m  ( 1 0  /lm) 
(Fig. 7) .  On the other hand, swelling appeared to be 
l i ttle slower and took almost 1 5-20 min to attain 
equil ibrium swollen state in thicker fil ms and -5 min 
in thinner films. In comparison, the polymer-hydrogel 
discs (with thickness of 2 mm) required nearly 1 280 
min (time taken in the first cycle) or > 1 20 min (time 
taken in subsequent cycles) to attain the equilibrium 
swelling. 

The quicker response in the SSP films can be 
attributed to the faster diffusion of water in and out of 
the sample primarily due to the lower thickness of the 
SSP films compared to hydrogel discs. Since the 
hydrogel dimensions (thickness) control the speed of 
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i ts response to external stimul i ,  the thinner fi lms of IO 
!lm give sti l l  faster response. 

The extent of swell i ng was found to be 4 times 
higher in SSP films with thickness 200 !lm than the 
gel discs with thickness 2 mm (Table 3) .  This is in  
spite of  the lower number of  hydrophilic amide 
groups available in the crossl inked SSP fi lms 
compared to gel discs. The swelling percentage was 
sti l l  more pronounced for SSP fi lms of thickness 10  
!lm. I n  these films, the maximum swell ing of  about 
4200% was attained, which was 6 times that of gel 
discs. The h igher swell ing percentage may be 
attributed to ease i n  opening up of thin film structure 
due to lower development of i nternal stresses. 

The swelling ratios of the processed films followed 
an inverse relationship with the polycarboxylic 
crosslinker concentration. Higher crosslink density 
intensifies a resistance to chain extension, thereby 
reducing the equi librium swel l ing. Higher 
crossl inking also reduces the avai labil i ty of free 
amide side groups and hence alters the hydrophil ic 
content in the SSP. 

3.4.4 Coated Yam 

The trans itional behaviour of the coated yarn was 
studied with respect to temperature of the surrounding 
water bath . The yarn shows volumetric swel ling of 
4500% at 6°C and collapse to a swel l ing percentage 
of 800 at 80°C. Figure 8 shows a clear transition in  
the temperature range 1 5-35°C with a mean transition 
temperature of about 25°C. When the coated yarn was 
subjected to deswell ing, the deswel l ing curve with 
temperature fol lowed the swell ing curve with a small 
hysteresis (Fig. 8). The transition was found to be 
reversible to repeated swel l ing and deswelling cycles. 

The rate of swel l ing and deswell ing of the coated 
yarn was studied to understand the dynamics of 

Table 3 - Comparison of transit ion behaviour among di fferent 
structural forms of poly(N-tert-butylacrylamide-rall-acrylamide) 
(27:73) 

Sample type 

Gel disk 

Film on glass 

Film on glass 

Coated yarn 

Thickness Swel l ing 
% 

2 mm 680 

200 11m 2604 . 

1 0  11m 4 1 72 

39 11m 4500 

Time for 
70% of 

equi l ibrium 
swel l ing 

min 

90 

5 

- I  

3 

Time for 
deswell i ng 

from 
equi l i brium 

swel l ing 

50 min 

5 min 

l O s  

1 0  s 

tranSItIOn. During swelling, the equi l ibrium was 
achieved within 5 min (Fig. 9), while during 
deswell ing the equi l ibrium was attained in less than 
IO s .  

The results for gel discs and thin films were 
compared to that of coated yarn (Table 3) .  The coated 
yarns showed much faster rates of transition 
compared to hydrogel disks and thin  films of the 
dimension 200 !lm. However, the rate of transition of 
coated yarns which had a coating thickness (in radial 
direction) of 39 !lm was found to be simi lar to that of 
thin films of the thickness 1 0  !lm. In spite of the 
thicker dimensions, the coated yarn could swell faster 
than the fi lms coated on the glass. This may be 
attributed to the higher surface area to volume ratio of 
the copolymer-yarn composite. 

The transition observed in coated yarn was broader 
as compared to that observed in pure copolymer thin 

5000 
4000 

:£ e....-O> 3000 :§ 0:; 3 (/) 2000 
Ql "E 1 000 ::l "0 > 0 

0 20 40 60 80 
Temperature ( °e) 

Fig. 8-Transition behaviour of immersed coated yarn in response 
to change in temperature of the water bath 

Deswelling 
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Fig. 9-Rate of transition of the coated yarn immersed i n  water 
bath. Swel l ing rate studied at 6 °C and deswel l ing i nit iated after 6 
min of the experiment t ime by changing the temperature to 80 °C 
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fi lms or gel disks, showing a sharp transition at 2 1  DC 
and 37°C respectively. The broad transition may be a 
result of localized heterogeneity in the crosslink 
density of the coated yarn structure. The shift in 
transition temperature of processed l inear copolymers 
(2 1 -25°e in coated yarns and thin films) using 
crosslinker compared to polymerized gel disk (37°C) 
is due to the decrease in hydrophi licity of the 
copolymer on processing. The decrease in 
hydrophilicity is caused by the decrease in number of 
amide groups as some of these are used in the 
crossl inking reaction . 

Alternate methods for integration of stimuli
sensitive polymers to texti le substrate or films have 
been reported in the recent l i terature. Poly(N
isopropyl acrylamide) (PNTPA) has been integrated to 
cotton fabric/substrate by radiation grafting.9o.9 1 
Similarly, integration has been carried out using photo 
irradiated grafting (@ A < 300 nm).92.94 In all these 
cases, the transitions of the integrated PNI PA remains 
similar to the pure PNIPA, however it is shown to 
become significantly broad over a wide temperature 
range. 

3.4.5 Model Fabric 

The model fabric composed of coated yarns was 
studied for the transition in terms of percentage cover 
of the fabric with temperature. Figure 1 0  shows 
optical micrographs of the model fabric at different 
temperatures. The change in percentage cover 
corresponds to the transition, which is a response of 
the copolymer coated yarn. The model fabric shows 
no open spaces at 6De where the copolymer existed in 
a completely swollen state. The area of the model 
fabric opens up to an extent of 5% (percentage cover 
of 95%) at 1 5°C, 2 1 %  (percentage cover of 79%) at 
20°C and around 39% (percentage cover of 6 1  %) at 
30°C. Thereafter, the opening of the fabric continues 
gradually due to further collapse of the coatings at 
sti l l  higher temperatures of up to 80°C. The open 
spaces of the fabric finally reach a value of 57%, i .e. 
percentage cover of 43%. When the change in 
percentage cover of the model fabric is plotted against 
temperature (Fig. I I ) , a clear transition in fabric 
structure is observed between 1 5°C and 30°C. The 
model fabric shows a stabil ity of transition for over 
many cycles. 

This experiment has been simulated to present an 
extreme situation where the cover factor changes by a 
large value. In applications, such l arge changes may 

(a) 
..Jli*Wi. 

(b) (c) 
Fig. 1 0-Optical micrograph (x l O) of the model fabric 
undergoing transition in a water bath at (a) 6 °C, (b) 20 °C, and 
(c) 40 °C 

� 1 00 � Q) 90 > 0 <..) 80 Q) 0> 70 2 c 60 Q) !:: 50 Q) a.. 0 20 40 60 
Temperature (0C) 

Fig. I I -Change in percentage cover of the model fabric with 
temperature 

not be necessary. The extent of change may be 
tailored by altering the add-on of copolymer and the 
crosslinker concentration. The lower add-on and 
higher crosslinker concentration is expected to result 
in low values of change as has been observed in case 
of films of this copolymer. 

It has been thought to be interesting to investigate 
whether the fabrics made from above-mentioned 
coated yarns would respond in air atmosphere as 
opposed to their tests in water baths, where ample 
supply of water is available for the transition. 
Therefore, the transitional behaviour was studied in 
air with the change in environment temperature and 
humidity. Because the supply of water in the 
atmospheric air is l imited at any relative humidity 
(RH), comparatively lower change in diameter of the 
coated yarns and consequently in the open spaces of 
the fabric was expected. At a temperature of 1 0°C and 
95% relative humidity (below the transition 
temperature), the volumetric swelling of the 
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Table 4 - Transi tional behaviour of coated yarn with the 
change in atmospheric conditions 

[Diameter of spun cotton yarn - 23 1 11m] 

Condition 

Cured & dry coated yarn 

10 °C, 95% RH, 24 h 

45 °C, 95% RH, 24 h 

Diameter of 
coated yarn 

11m 

309 

383 

339 

Volumetric 
swell ing 

% 

1 20 

46 

integrated copolymer was estimated to be 1 20% in 
24 h. When this swollen yarn/fabric was subjected to 
atmospheric conditions of 45°C and 95% relative 
humidity (i .e. above the transition temperature), the 
structure collapsed to a volumetric swelling of 46%. 
These values are calculated on the basis of dry 
volume of the copolymer as shown in Table 4. 

4 Conclusions 
4.1 A new series of temperature-sensitive l inear and 

crosslinked random copolymers of N-tert
butylacrylamide and acrylamide (80:20-20:80 mol %) 
has been successfully synthesized. 

4.2 The l inear copolymers and their crosslinked gels 
exhibited single sharp transition . The transition 
temperature decreased with the increase in NTBA 
content in the copolymer. The swelling percentage of 
crosslinked gel also decreased with the increase in 
NTBA content in the copolymer. 

4.3 The aqueous solution of high molecular weight 
copolymer of NTBA and acrylamide (27 :73 mol %) 
was converted into thin films 00 and 200 )..lm) and 
coated on cotton yarn substrate in presence of BTCA. 
The crosslinked thin films of the thickness 10 )..lm and 
200 )..lm were found to be insoluble and mechanically 
stable. The transition temperature of the crosslinked 
films were sharp and found to shift to -20°C from 
37°C of the l inear copolymer. The processed film 
structures (thickness 10  )..lm) were found to have 
greatly enhanced 'rate of swelling' and 'swelling% at 

' . equilibrium' compared to films of 200 )..lm and gel 
discs of 2 mm thickness. The response time was 
found to decrease by about two orders of magnitude 
from 1 20 min to < 5 min, whereas the volumetric 
swelling increased from 685% to 4 1 72%. The 
swel ling% was also found to be a function of 
crosslinker concentration .  

4.4 The copolymer i ntegrated to  cotton yarn 
retained its stimuli-sensitive behaviour and showed a 
broad transition between 1 5°C and 35°C. Similar to 

the thin films, the transition temperature of the coated 
yarn was found to shift to a lower temperature than 
the pure copolymer gel and the rate and magnitude of 
the transition were found to be significantly higher. 
The above stimuli-sensitive yarn was converted into a 
model fabric which showed temperature-responsive 
percentage cover. 

4.5 This approach may be used to convert 
temperature-sensitive copolymers into desirable 
structures such as thin films and coatings on textile 
substrates. These structures are able to show higher 
response and better mechanical properties compared 
to polymer gels and therefore can be used for 
producing smart textile. 
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