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a b s t r a c t

The temperature increase due to self-heating and its effect on the photo-mechanical behavior were stud-
ied theoretically for photochromic nematic elastomers under light illumination. The sample temperature
increase considered here is due to the heat released from the thermally activated back conversion of
the azo dyes from the metastable, UV light-induced cis isomers to the stable trans isomers. A temper-
ature equation is derived to include the self-heating effect. Our numerical calculations indicate that
eywords:
ematic elastomer
hoto-isomerization
ematic–isotropic transition
hoto-mechanical effect
elf-heating effect

there exists a critical environment temperature, below which changes of the NI transition tempera-
ture caused by the photo-isomerization dominate the sample contractions and stresses. However, at
higher environment temperatures, a sample temperature increase can produce larger contractions and
stresses in mono-domain liquid crystal elastomers. The thermal effect is particularly strong near the initial
nematic–isotropic transition temperature. Thus, the experimental reported photo-mechanical behavior
is a coupled phenomenon of the thermal- and the photo-mechanical effects in general. More accurate
thermal–mechanical experiments need be contacted to track this effect.
. Introduction

Liquid crystal elastomers (LCE) are cross-linked polymeric
aterials with mesogenic liquid crystalline moieties. Nematic elas-

omer may exhibit rubber-like elastic behavior. The orientation
hange of its LC molecules at the nematic–isotropic (NI) transition
emperature Tni can induce a macroscopic shape change simulta-
eously by the interaction of the LC molecules with the backbone
1–5]. Thus, they can be used as active materials in various applica-
ion fields such as artificial muscles, actuators and tunable optical
evices [2–6]. For prolate LC polymers, the NI transition induces a
acroscopic stretch along a director n and accompanied by a con-

raction on the perpendicular plane. Both the nematic order Q and
he stretch � along the director n are functions of the temperature
ifference Tni − T in the nematic phase [7].

Photo-mechanical effects have been reported recently in pho-
ochromic nematic elastomers [8–12]. Large contractions up to
0% were obtained after irradiation by light with certain wave-

ength [8,9] for LCEs containing photoisomerizable groups, such as

zobenzene. Recovery stress up to 2 kPa can be reached [10] for
lamped samples. Photo-induced bending of LCE films is observed
s well [11–13]. The effect is reversible through irradiations by
ights with other wavelengths. This may lead to potential appli-
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cations of a new type of light controllable artificial muscle system
in sensors and microactuators.

The mechanism of such a photo-mechanical behavior has been
primarily attributed to the effect of the photo-isomerization [8–10].

Azo dyes are rod-like and rigid in the equilibrium trans state,
and thus contribute to the nematic order. They transform to the
metastable cis state upon absorption of UV light, in which they are
kinked. These kinked molecules will act as impurities and destabi-
lize the liquid crystalline phase. As a result, the nematic–isotropic
(NI) transition temperature Tni is lowered, and the nematic order
and the length of the sample are decreased [14,15].

Several associated effects exist during the above photo-
isomerization process and they can have large influences on the
photo-mechanical behavior. For example, the decay of the light
intensity due to the absorption results in larger contractions near
the surface, thus induces the bending of the photochromic nematic
films [11–13,16–18]. For polarized light, the optical excitation
depends strongly on the angle between the polarization vector of
the light and the director of the LC phase [19,20]. This can induce
anisotropic bending for poly-domain nematic films [11]. When the
UV light is absorbed by the nematic elastomers with azo dyes, a part
of the energy of the absorbed light heats the sample directly. The

other part is utilized to transform the dye molecules from the lower
energy trans to the higher energy cis configuration, thus to reduce
the NI transition temperature Tni. Additional heat will be released
when the molecules chemically convert back from cis to trans. The
back conversion is inevitable because of the metastability of the

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:yzhuo@fudan.edu.cn
mailto:yzhuo_cd@hotmail.com
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ig. 1. Schematic potential energy landscape for the trans-cis transition of the
zobenzene.

is configuration. The self-heating and the direct heating raise the
emperature of the sample as it is observed in experiments under
sothermal conditions [9,10]. Accordingly, the nematic order Q and
he stretch � along the director n should be reduced. In poly-domain
ematic elastomers, the effect of thermal-induced deformations of
he differently oriented domains may cancel each other so as to
onserve the overall shape. However, in mono-domain samples,
his effect becomes significant macroscopically.

Although the temperature rise during the light irradiation was
bserved in experiments [9,10], the effect on the final deformation
as not analyzed since it was not possible to separate the observed

otal deformation into thermal-induced and photo-induced parts.
n this paper, we try to analyze the effect of the temperature change
uring the photo-mechanical process through phenomenological
odeling and numerical calculations. After introducing the rate

quation for the trans-cis isomerization and the formulae for calcu-
ating the light-induced shift of the NI transition temperatures, the
nergy changes during the process are considered and a tempera-
ure equation is derived. The thermal and the photo-mechanical
nduced deformations can be then calculated directly. It will be
hown that in certain cases, the deformation due to self-heating
an be rather large, even larger than the deformation due to the
hotochemical effect.

. Model equations

.1. Light-induced shift of NI transition temperatures

It is well known that the azobenzene chromophore can be
eversibly switched by light at two wavelengths between an
xtended rod-like trans and a shorter kinked cis configuration. It
s the basis for many experiments, in particular for various photo-

echanical behavior. Hugel et al. [21] reported recently that a
ingle azobenzene polymer contracts under UV light and extends
nder visible light. Light-induced contractions in bulk polymers
ross-linked with azobenzene was reported by Eisenbach [22] in
980, but with rather small contractions (0.15–0.25%) comparing
o the photochromic LCEs under considerations here.

The potential energy landscape of the azobenzene has been

etermined by ab initio calculations as well as from experiments
23,24]. As schematically shown in Fig. 1, the two configurations,
rans in the right and cis in the left wells, are separated by an energy
arrier in the ground state S0 with U much larger than �. The transi-
ion can be induced by optical excitations from S0 to the first excited
Acta 500 (2010) 44–50 45

state S1 with trans of 365 nm and cis of 420 nm wavelengths, respec-
tively. Thus, the dynamics of the photo-isomerization process in
LCEs containing azo dyes is governed by light-induced transition
and the thermally induced transitions between the two configura-
tions: cis and trans.

Let n0 be the total number density of the azo dyes in the sample
and nc the number density of the cis isomers, the number density of
the trans configuration is nt = n0 − nc. The following rate equation
[8,9,19] can be used to calculate the population changes,

dnc

dt
= 1

�t
nt − 1

�c
nc + �tItnt − �cIcnc. (1)

The first two terms on the right hand side are the thermal excita-
tion of trans to cis and the thermal relaxation from cis to trans with
the temperature dependent characteristic times �t = �0 exp(U/kT)
and �c = �0 exp(�/kT), respectively, where U and � are the corre-
sponding energy barriers shown in Fig. 1. The last two terms are
the transition rates due to the optical excitations with �t and �c the
absorption coefficients for the light with the wavelength 365 nm
and 420 nm, respectively. It and Ic are the corresponding light inten-
sities. The absorption coefficients �t and �c may depend generally
on the concentration of the photochromic molecules and the angles
between the polarization direction of light and the rod axis of the
trans isomers [8,19,20]. Here, for simplicity, we shall limit ourselves
to consider only constant coefficients.

For isothermal light illumination process, the cis density can be
solved analytically as

nc(t) = n∞
c + (nc(t = 0) − n∞

c ) exp
( −t

�eff

)
, (2)

with the effective relaxation time and the saturated cis density
depending on the temperature and the light intensities as

1
�eff

= �tIt + �cIc + 1
�t

+ 1
�c

and n∞
c = n0�eff

(
�tIt + 1

�t

)
. (3)

Without light illuminations, the sample is in thermal equilibrium
with the cis density as

n0
c (T) = n0

(1 + exp((U − �)/kT)))
. (4)

The above equilibrium value is an increasing function of the
temperature and should be very small, since the energy barrier
U is much bigger than �. From (2) and (3), when a sample is
under the UV light illumination, i.e. It > 0 and Ic = 0, the cis popula-
tion will increase exponentially due to the optical excitation from
nc(t = 0) = n0

c (T) to the saturated value n∞
c . At the saturation, the

UV light-induced trans-cis transition is balanced by the thermal-
induced back conversion from cis to trans. If the UV light is switched
off, the cis density will decrease exponentially back to the equilib-
rium value (4) due to the thermal-induced back conversion and
the descending rate can be enhanced strongly by the visible light
of 420 nm.

If the temperature varies during the light exposure, Eq. (1) must
be solved numerically along with the temperature equation to be
derived in the next subsection. However, once the kinked cis den-
sity nc is known, its effect on the NI transition temperature may
be calculated from the following linear relation [8–10] as the first
order approximation,

Tni(nc) = T0
ni − ˇnc, (5)
with ˇ a positive constant and Tni the initial NI transition temper-
ature before light illuminations.

Although the NI transition in LC should be of the first order
with discontinuous changes of the order parameter Q and the shape
of the samples at the transition temperature, the jumps have not
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een observed for cross-linked nematic elastomers [9,25,26]. The
ollowing empirical experimental fitting was proposed

= b(Tni − T)�, (6)

or the nematic phase (T ≤ Tni) with � and b two positive constants.
or mono-domain LCEs, the stress-free uniaxial expansion �m =
m/Li of the sample, with Lm the present length and Li the length
f the isotropic sphase can be well described by a linear relation,
m = 1 + aQ . Thus,

m = 1 + ˛(Tni − T)�, (7)

ith ˛ = ab and � two positive constants.
It is obvious from (6) and (7) that the decrease of Tni due to the

ight-induced trans to cis transition reduces Q and �m. However, it
s also clear that the raise of the temperature T will have the same
ffect. It has been indeed observed in experiments that temperature
lways increases slightly (up to 9 ◦C) [9]. However, it was not pos-
ible to estimate how much of the observed sample deformations
nder light illuminations should be attributed to the temperature

ncrease and how much is due to the shift of Tni. To analyze these
ffects, the energy balance needs to be investigated.

.2. Temperature equation

We start by considering the following energy balance equation
or samples under light illuminations and placed in a heat reservoir
ith constant temperature (e.g. an oven),

de

dt
= q̇ + ẇ + ṙlight, (8)

here e is the internal energy density, q̇ is the rate of the exchanging
eat with the heat reservoir, ẇ is the power of the external force
nd ṙlight is the power of the light radiations. The kinetic energy of
he macroscopic motion is neglected.

For simplicity, we consider only samples with homogeneously
istributed thermodynamic field variables: the temperature T, the
ematic order Q and the cis number density nc. Moreover, only uni-
xial loading will be considered with the Cauchy stress � and the
xtension �. Space varying fields as in the light-induced bending
xperiments [11–13] may be taken into account by adding space
erivatives in the temperature equation derived below. Thermal
iffusion due to temperature gradients and its effect on the bend-

ng dynamics of nematic elastomers have been studied recently in
27].

We consider only ideal soft incompressible LCEs with entropy
nduced elasticity [1]. Namely, the elastical deformation will only
hange the entropy and the internal energy e is independent of
he extension � in the elastic range. According to (5) and (6), the
ematic order is a function of the temperature and the cis density.
hus, we may assume that the internal energy density e is a function
f the temperature and the cis density, i.e. e = e(T, nc). Its rate is

de

dt
= cp

dT

dt
+ (U − �)

dnc

dt
, (9)

here cp is the specific heat and U − � is the energy difference
etween the cis and the trans configurations as shown in Fig. 1.

Considering uniaxial loaded samples in a heat reservoir with the
emperature T0 and the heat exchanging coefficient c, the exchang-
ng heat and the working power should be

˙ = −c(T − T0) and ẇ = � d�
. (10)
� dt

ote that the heat exchanging coefficient c can depend on many
actors such as the medium of the heat reservoir, the shape of the
amples and the surfaces. In general, deformations can change the
rea and the shape of the surface. However, for simplicity, we shall
Acta 500 (2010) 44–50

not consider these effects and assume that the heat exchanging
coefficient c is a constant.

The absorbed radiation energy consists of two parts, the directly
heating ṙh of the sample and the energy needed for the trans-cis iso-
merization, ṙtc. ṙh can be taken as proportional to the light intensity.
From Fig. 1, the energy of formation of trans-cis transitions is U − �
per molecule. By (1), the number fraction of the molecules in a
sample that are isomerized by the light is �tItnt − �cIcnc. Therefore,

ṙlight = ṙtc + ṙh, ṙtc = (U − �)(�tItnt − �cIcnc) and

ṙh = ˛tIt + ˛cIc, (11)

where ˛t,c are positive constants. Now we insert (9)–(11) into (8),
and use (1) to substitute ṅc and yield the temperature equation for
photochromic LCE samples under light illuminations as

cp
dT

dt
= �

�

d�

dt
− c(T − T0) + ˛tIt + ˛cIc + (U − �)

(
nc

�c
− nt

�t

)
. (12)

Thus, the temperature change is governed by the power of the
external force, the heat exchange with the environment, the direct
and indirect heating of the light.

The photo-thermal–mechanical process of photochromic LCEs
is governed by the photo-isomerization rate Eq. (1) for the cis
population nc(t) and the energy balance Eq. (12) for the sample
temperature T(t). Then, the shift of the NI transition temperature
can be calculated from (5) and the stress-free uniaxial extension
can be completely evaluated from Eqs. (6) and (7) as

�m(t) = 1 + ˛(T0
ni − ˇnc(t) − T(t))

�
. (13)

2.3. Heating effects

To analyze the indirect heating impact of radiation in detail, we
may rewrite the photo-isomerization energy of light, ṙtc given by
(11.2) by the use of (1) as

ṙtc = (U − �)
dnc

dt
+ (U − �)

(
nc

�c
− nt

�t

)
.

The first term on the right hand side is essentially the internal
energy change due to the trans-cis photo-isomerization, so can-
cels with the last term in (9) by considering the energy balance
(8). The remaining term should be the indirect heating and can be
reformulated by using nt = n0 − nc and (4) as

ṙtc = (U − �)
dnc

dt
+ (U − �)

(
1
�c

+ 1
�t

)
(nc − n0

c (T)). (14)

It is clear that in order to have a cis density nc larger than its ther-
mal equilibrium value, n0

c (T), it is necessary to provide energies not
only for the cis-trans transitions but also for keeping the difference
of the cis density, nc − n0

c . The reason is that there is always a ther-
mal activated back conversion from cis to trans until the population
goes back to the thermal equilibrium value due to the metastability
of the cis configuration. This back conversion produces heat, thus
making for a self-heating effect.

Due to the direct- and the self-heating, the sample temperature
always increases in the photo-mechanical processes. This can be
clearly shown by considering the steady temperature of a sample
under constant UV light exposure for an extensive time. Hence,
all the time derivatives vanish in (12) and the steady temperature
reads

T∞ = T0 + ˛tIt + (U − �)
(

1 + 1
)

(n∞
c − n0

c (T∞))
, (15)
c �c �t c

where n∞
c is the saturated cis density given by Eq. (3.2). It is obvious

that the final temperature has been increased through the direct
heating (second term on the right) and self-heating (last term on
the right) of the UV light illumination. A larger number density of
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Table 1
Model parameters adopted from [9].a.

�tIt(s−1) ˛ � ˇn0(K) �(J) c/cp(s−1) n0(U − �)/cp(K)

2.2 × 10−4 0.22 0.195 11.8 4 × 10−20 1.65 × 10−3 36.4

a The first 5 are listed in IV. C. of [9]. The last 2 were obtained in the following way.
The light-induced contraction given by (13) with nc(t) and T(t) obtained by solving
(1) and (12) numerically depends on the two remaining parameters c/cp and n0(U −
�)/cp, and the direct heating. As pointed out in [9], the measured temperature
X. Jiang et al. / Thermoch

he azo dyes and a higher light intensity will raise the tempera-
ure higher. A sample placed in an environment with lower heat
xchanging coefficient c such as in the air will experience larger
emperature rise than in e.g. liquids.

In the following, the effect of the temperature increase due to
he self-heating on the deformation and the stress of a sample will
e studied in some details by numerical calculations to illustrate its

mportance. The direct heating effect is relatively straightforward
nd can be added easily.

. Numerical results and discussions

.1. Thermal and photo-induced contractions

Consider an unloaded photochromic LCE sample in an oven
t a temperature T0 and irradiated by UV light. The sample
ontracts because of the temperature increase ıT = T − T0 (the
hermal–mechanical effect) and the NI transition temperature shift
Tni = T0

ni − Tni (the photo-mechanical effect). According to Eq. (7),
he uniaxial expansion along the director n of the LCE sample in
he nematic phase with respect to the isotropic phase is given by

m = Lm/Li = 1 + ˛(Tni − T)� . The contraction of the sample under
ight illuminations would be better characterized by the strain
m = (Lm − L0

m)/L0
m, with Lm = Li�m the changed length and L0

m =
i�

0
m = Li(1 + ˛(T0

ni − T0)
�
) the initial length before the irradiation.

y (7), the contraction is given by

m = ˛(T0
ni − T0)

� − ˛(Tni − T)�

1 + ˛(T0
ni − T0)

�

= ˛(T0
ni − T0)

�

1 + ˛(T0
ni − T0)

�
(1 − (1 − ı	 − ı	ni)

�), (16)

here ı	 = ıT/(T0
ni − T0) and ı	ni = ıTni/(T0

ni − T0) are the normal-
zed shifts. Since �∼0.2 for most LCEs [1,7,9], the contraction is
ighly nonlinear with respect to ı	 and ı	ni except when they
re very small. From their definition, one may define the thermal-
nduced and the photo-induced contractions as determined by ı	
nd ı	ni, respectively. Namely,

εth
m = ˛(T0

ni − T0)
�

1 + ˛(T0
ni − T0)

�
(1 − (1 − ı	)�) and

εph
m = ˛(T0

ni − T0)
�

1 + ˛(T0
ni − T0)

�
(1 − (1 − ı	ni)

�). (17)

.1.1. Steady state after long time irradiation
The steady value of the sample temperature under an extensive

ong time of the UV light illumination is given by (15). By using
2)–(4), the temperature increase due to the self-heating is

T∞ = T0 + U − �

c�0
exp

(
− �

kT∞

)(
1 + exp −

(
U − �

kT∞

))
(n∞

c − n0
c ),

(n∞
c − n0

c )
n0

= �tIt + �−1
0 exp(−(U/kT∞))

�tIt + �−1
0 exp(−(U/kT∞)) + �−1

0 exp(−(�/kT∞))

− exp(−((U − �)/kT∞))
1 + exp(−((U − �)/kT∞))

.

o simplify the expression further, we make use of the parameters
eported in [9], see Table 1 and the fact that U >> �. Thus, we have
hat

exp
(

− (U − �)
kT

)
<< 1 and � = �tIt∼�−1

◦ exp(−�/kT)
raise should mainly be attributed to the self-heating only (III. B. in [9]). Thus, we
may define T̃0 = T0 + ˛tIt/c as the equilibrated temperature and adjust the only
remaining two parameters to fit the calculated T(t) and �m(t) with the experimental
results of Fig. 4 in [9].

>> �−1
◦ exp

(
− U

kT

)

for T not very far from the room temperature. Thus, we may neglect
all small terms and obtain the steady temperature as

T∞ = T0 + n0(U − �)
c

�tIt�
−1
0 exp(−�/kT∞)

�tIt + �−1
0 exp(−�/kT∞)

. (18)

For any given environmental temperature T0 (it is also the initial
temperature of the sample), the steady temperature T∞ of the sam-
ple under the light illumination can be obtained as T∞ = T̂∞(T0)
from this nonlinear and implicit algebraic equation.

The shift of the NI transition temperature is determined by (5).
Together with (3) for the saturated cis population, the shift after
long time of irradiation is

T∞
ni = T0

ni − ˇn∞
c (T∞) = T0

ni − ˇn0�tIt

�tIt + �−1
0 exp(−�/kT∞)

. (19)

As shown in Fig. 2(a), both T∞ and T∞
ni are increasing functions of T0

and T∞ < T∞
ni until TM

0 . For T0 ≥ TM
0 , the sample is in the isotropic

phase after the irradiation for which (7) is no longer valid and �m ≡
1. TM

0 can be obtained by solving the above two coupled equations
for T∞ = T∞

ni .
Our numerical calculations yield TM

0 ≈ 60.6 ◦C. The tempera-
ture increase ıT∞ = T∞ − T0 and the NI transition temperature shift
ıT∞

ni = T0
ni − T∞

ni are shown in Fig. 2(b). At temperatures much lower
than the initial NI transition temperature, the temperature increase
is rather small and it increases quasi-linearly with T0 and catches
the descending NI transition temperature shift at a critical environ-
mental temperature Tc

0. When T0 > Tc
0, we expect that the thermal

effect is more dominant than the photo effect. The critical temper-
ature Tc

0 may be obtained by ıT∞/ıT∞
ni = 1 and from Eqs. (18) and

(19) as

Tc
0 = �/k

ln((U − �)/ˇ�0c)
− ˇn0�tIt

�tIt + ˇc/(U − �)
. (20)

The critical temperature is Tc
0 ≈ 46.8 ◦C, well below T0

ni = 67 ◦C.
However, it increases with the heat exchanging coefficient c and
decreases with the light intensity It. For example, if c is doubled, it
will increase to Tc

0 = 75.4 ◦C > T0
ni. Thus, the thermal effect should

be negligible for thermal baths with very large heat exchanging
coefficients such as liquids. However, the light propagation in a liq-
uid medium may complicate the photo-mechanical phenomenon.

Fig. 3 shows the total contraction ε∞
m, the thermal and photo-

induced contractions, εth∞, εph
∞ and their sum εth∞ + εph

∞ . The photo-
induced contraction εph

∞ is larger than the thermal-induced one εth∞
when the sample is under UV light irradiation at environmental
temperatures lower than Tc

0. At higher temperatures, the thermal

effect becomes much more dominant.

3.1.2. Evolution process under UV light illuminations
The evolution process of photochromic LCEs is governed by the

two coupled ordinary differential Eqs. (1) and (12) for the cis popu-
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Fig. 2. Steady values of (a) the sample temperature T∞ and the NI transition temperatur
temperature ıT∞

ni
= T◦

ni
− T∞

ni
, as functions of the environmental temperature T0.

F
i
t

l
t
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T
T

t
T

d

3.2. Thermal and photo-induced stresses for clamped samples

F

p

ig. 3. The total contraction ε∞
m, the photo-induced contraction εph

∞ , the thermal-
nduced contraction εth

∞ and their sum as functions of the environmental
emperature T0.

ation nc(t) and the sample temperature T(t). With nc(t) determined,
he shift of the NI transition temperature can be calculated from (5)
nd the contractions can be completely evaluated from Eqs. (16)
nd (17).

For T0 = 20 ◦C < Tc
0, the sample temperature increase ıT = T −

0 is much smaller than the NI transition temperature shift ıTni =
0

ni − Tni as shown in Fig. 4(a). Thus, the thermal-induced contrac-
ion εth

m is rather small, see Fig. 4(b). However, for T0 = 60 ◦C >
c
0, the situation changes, see Fig. 5. As ıT gets bigger than ıTni

ue to radiation, the thermal-induced contraction εth
m extends the

ig. 4. Time evolution of (a) the shifts of sample temperature ıT(t) = T(t) − T0 and the

hoto-induced contraction εph
m , the thermal-induced contraction εth

m and their sum.
e T∞
ni

, (b) the shifts of the sample temperature ıT∞ = T∞ − T0 and the NI transition

photo-induced contraction εph
m . Moreover, Fig. 4(b) shows the total

contraction εm approximates the sum of εth
m and εph

m . The linear
approximation is valid at this temperature because of the very small
values of the normalized shifts ı	 and ı	ni.

Still, the nonlinear character of Eq. (18) for � ≈ 0.2 is evident
in Fig. 5(b) at higher environment temperatures. To demon-
strate this more clearly, Fig. 6 shows the time evolution of (a)
the total contraction εm, (b) the contraction ratio εth

m/εph
m for

T0 = 20, 40, 50, 55, 60 ◦C. For short time UV light illumination,
the thermal-induced contraction εth

m is irrelevant. However, after
extensive illuminations, it becomes larger than the photo-induced
contraction εph

m for T0 > Tc
0. Also, the higher the environmental tem-

perature T0 is, the larger the contraction ratio εth
m/εph

m .
Both the light-induced contractions and the raising of the tem-

peratures shown in Figs. 4–6 are comparable with the experiments,
see Figs. 7 and 8 in [9]. Moreover, the total contractions of Figs.
3 and 6(a) agree quite well with the experimental reported satu-
rated contractions of about 3%, 4% and 7% at T0 = 50, 57 and 59 ◦C.
The shifts of the sample temperatures of Figs. 2 and 6(b) for these
oven temperatures are also in good agreement (Figs. 7 and 8 of [9]).
However, experiments show a much larger temperature shift and
contraction at T0 = 25 ◦C and this needs to be investigated in the
future.
When the LCE sample is irradiated by UV light in displacement
control mode (clamped sample), the light-induced decrease of the
stress-free length results into a stressed sample [10]. For nematic

NI transition temperature ıTni(t) = T0
ni

− Tni(t); (b) the total contraction εm, the
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Fig. 5. Time evolution of (a) the shifts of sample temperature ıT(t) = T(t) − T0 and the NI transition temperature ıTni(t) = T0
ni

− Tni(t); (b) the total contraction εm, the

photo-induced contraction εph
m , the thermal-induced contraction εth

m and their sum.

εth
m/ε

e
l

�

w
m

fi
s

�

F
�

Fig. 6. Time evolution of (a) the total contraction εm; (b) the ratio

lastomers, the stress-strain relation [1,7,10,25] under uniaxial
oading along the director n is

= nskT

[(
�

�m

)2

− �m

�

]
, (21)

ith ns the number density of the cross-linked strands, k the Boltz-
ann constant. For a clamped sample, the uniaxial expansion is

�

xed as � ≡ �0 = 1 + ˛(T0

ni − T0) by (7). Under UV irradiation, the
tress-free uniaxial expansion decreases by

m = 1 + ˛(Tni − T)� = 1 + ˛(T0
ni − T0)

�
(1 − ı	 − ı	ni)

�. (22)

ig. 7. The total stress �∞
m , the photo-induced stress �ph

∞ , the thermal-induced stress
th
∞ and their sum as functions of the environmental temperature T0.
ph
m at the environmental temperatures T0 = 20, 40, 50, 55, 60 ◦C.

As a result, the stress increases. By the elimination of the steady
values of the temperature shifts ı	∞ and ı	∞

ni from above equation,
the steady stress �∞ after long time irradiation can be calculated by
(21). We set � ≡ �0 and plot the result as a function of T0, see Fig. 7.
For comparison, the thermal and the photo-induced parts �th∞ and
�ph

∞ , as calculated using the uniaxial expansions with ı	∞ and ı	∞
ni

only are shown as well. The stresses of the clamped sample exhibit
similar trends as the stress-free contractions of Fig. 3. In fact, all

quantities increase with T0. The thermal effect is small at lower
temperature but extends the photo effect at T0 > Tc

0. The evolution
processes are calculated as well and they are similar to the results
obtained for the unloaded sample (Fig. 6).

Fig. 8. Time evolution of the total contraction εm, the photo-induced contraction
εph

m , the thermal-induced contraction εth
m and their sum at the environmental tem-

perature T0 = 63◦C close to T0
ni

= 67 ◦C.
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.3. Behavior close to the initial NI transition point

As shown in Fig. 2, a sample irradiated at T0 > TM
0 > Tc

0 trans-
orms into the isotropic phase after sufficient long UV light
xposure since T∞ > Tni and the temperature increase ıT∞ = T∞ −
0 is larger than the NI transition temperature shift ıT∞

ni = T0
ni − T∞

ni .
ithout considering the temperature increase, the sample would

emain in the nematic phase until T0 = TM
1 given by Tni = T0. Our

alculation shows that TM
1 = 64.6 ◦C, about 4◦ higher than TM

0 .

For TM
0 < T0 < TM

1 , the photo-induced contraction εph
m is much

maller than the thermal-induced εth
m and the sample enters the

sotropic phase after light exposure as shown in Fig. 8 for T0 = 63 ◦C.
imilar result is indeed observed in [9]. Both the values of the crit-
cal time of light exposure and the saturated contraction are of the
ame order as of the experiment (Fig. 10 of [9]). Moreover, the total
ontraction εm is much bigger than their sum due to the strong
onlinearity of the contraction function (16) for very small values
f the temperature difference Tni − T. It is obvious that the effect of
he sample temperature increase must be taken into account due
o its strong contribution to the total contraction.

. Conclusions

A model is proposed for the calculation of the temperature
hanges during the recently reported photo-mechanical processes
n liquid crystal elastomers. In addition to the power of the external
orce and the heat conduction, the rate of the temperature can be
trongly affected by the light illumination through direct heating
nd self-heating. The self-heating considered here is resulted from
he thermally activated back conversion of the azo dyes from the

etastable cis state to the stable trans state. Numerical calculations
ndicated that there is a critical temperature Tc

0, below which the
I transition temperature shift induced by the photo-isomerization
lays the main role for the observed stress-free sample contrac-

ions and the stress increase of clamped samples. However, when
he environmental temperature is higher than Tc

0, the temperature
ncrease is more pronounced and thus affects a larger contribu-
ion to the contractions and/or stresses than the NI transition
emperature shift. This thermal effect is particularly important for

[
[
[
[
[

Acta 500 (2010) 44–50

temperatures close to the initial NI transition temperature. There-
fore, our theoretical results motivate a need for more accurate
calorimetrical measurements to the study of the newly reported
photo-mechanical effects of LCEs in greater detail.
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