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Recent studies of azo-dye-doped liquid crystal elastomers show a strong photomechanical response. We report on
models that predict experimental results that suggest photothermal heating is the dominantmechanism in a planar
constrained geometry. We compare our models with experiments to determine keymaterial parameters, which are
used to predict the dynamical response as a function of intensity. We show that a local strain from photothermal
heating and a nonlocal strain from thermal diffusion is responsible for the observed length changes over time. This
work both elucidates the fundamental mechanisms and provides input for the design of photomechanical optical
devices, which have been shown to have the appropriate properties for making smart materials. © 2011 Optical
Society of America
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1. INTRODUCTION
There has been a growing interest in photomechanical behav-
ior of organic materials over the past decade [1–5]. Recently,
an experimental study has determined the mechanisms of
photoinduced deformations of liquid crystal elastomers in a
photomechanical optical device (POD) geometry [6]. This
work was motivated in part by the creation of parallel beam
PODs made of high-concentration azo-dye-doped liquid crys-
tal elastomers (LCEs) that were cascaded together in series to
show a proof-of-concept network of sensor/actuator photo-
mechanical devices [7].

The observation of the photomechanical effect dates back
to Alexander Graham Bell, who showed that a voice could be
transmitted over a beam of light [8]. A century later, Uchino
and coworker demonstrated the “Uchino walker” [9–11]. This
device implemented ceramics that constrict when exposed to
light and relax in the dark (reversible photostriction). The me-
chanism of ceramic photostriction can be explained by light-
induced charge diffusion followed by a piezoelectric effect,
which is induced by the resulting internal electric field.

With breakthroughs in the technology for making polymer
optical fibers, the first all-optical photomechanical device
was constructed that acted as a position stabilizer [12]. This
device encompasses five device classes: information proces-
sing, logic, transmission, sensing, and actuation [13]. The next
year, a small-scale, 2:5 cm photomechanical optical devicewas
made using an azobenzene-dye-doped multimode polymer op-
tical fiber with frayed ends that act as retroreflectors [14]. This
device was later used to demonstrate all-optical modulation of
a probe beam by introducing a pump beam that changed the
fiber length [15]. Adecade later, a fiber cantileverwas observed
by the use of off-center propagation of light through aDisperse-
Red-1-(DR1)-dye-doped polymer optical fiber [13,16].

Recently, nematic LCEs have been reported to undergo
large deformations via photoisomerization [17,18]. A high-

concentration azobenzene-dye-doped nematic LCE was
shown to swim over the surface of water when illuminated
by a transverse light source [19]. Other studies of nematic
LCEs have investigated the nonlinear behavior of an LCE
cantilever [20].

Motivated by the recent experimental observations of a ne-
matic LCE in a POD geometry, this work seeks to build an
understanding of the mechanisms. We present numerical
modeling results of the mechanisms and compare the results
with experimental observations of the time-dependent
changes in length of an LCE in response to light. Understand-
ing these mechanisms is the first step in the creation of
ultrasmart materials [21].

2. PHOTOMECHANICAL OPTICAL DEVICE
CONFIGURATION
We develop a theory that describes the mechanisms of photo-
induced deformations of LCEs in the surface-constrained geo-
metry as described below. During these experiments, an LCE
is pressed between two parallel glass substrates with a small
force, which is applied to achieve a visible “wet spot” at the
LCE–glass interface. Silver is deposited on the inner surfaces
of the glass—away from the position of the LCE. The pump
beam is steered into the glass substrate and incident upon
one end of the LCE. The probe beam is directed through
the interferometer region of the POD, i.e., where the silver
is deposited.

The uniaxial nematic LCE is oriented between the two glass
substrates so that the director orientation is normal to the
LCE–glass interface. The LCE acts as one of the three stabiliz-
ing points that define the planar surface of one substrate. The
other two points are defined by the tips of adjustable thumb
screws. These were used to bring the two substrates into
parallel alignment. Figure 1 shows a perspective diagram of
the POD used in previous experiments [6].
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The LCE material within the POD consists of a silicon back-
bone, crosslinker, and mesogenic side chain whose structures
are shown in Fig. 2. The side chain is connected to the back-
bone by the crosslinker, and there are roughly ten silicon
backbone segments per crosslinker. Disperse Orange 3 (DO3)
is a photoisomerable dye that is dissolved in the LCE to act as
an absorber of the pump beam. These absorbers can both
change shape and transfer heat to the surrounding mesogens
to reduce the macroscopic orientational order [22].

Our models treat the high concentration limit, i.e., approxi-
mately 0.1% by weight DO3-doped LCEs. The LCEs are
pumped with light at a frequency of 488nm, near the resonant
absorption peak [6]. At this concentration and wavelength,
μðQ ¼ 0:7Þ ≈ 0:2 μm−1, where μ is the Beer–Lambert coeffi-
cient (defined in Subsection 3.A) and Q is the scalar uniaxial
order parameter.

3. THEORY
It is well known that a continuous differential equation can be
approximated by finite differences provided that the finite
pieces are smaller than the smallest characteristic dimension.
Figure 3 shows a schematic diagram of an illuminated LCE in
one dimension. Each mathematically discrete section of the

LCE experiences a length change that is much smaller than
the length of each section, which allows for an engineering
strain approximation. A diagram is shown in Fig. 4.

A. Photoisomerization-Induced Strain
The LCE’s length at coordinate xi changes by an amount ΔLi

depending on the local light intensity and temperature, lead-
ing to a strain ΔLi=Δx. For the unelongated elastomer, the
Beer–Lambert law gives

I ¼ I0e
−ϵcAl; ð1Þ

where I is the transmitted intensity, I0 the incident intensity,
ϵ the absorption coefficient, A the illuminated area, c the con-
centration, and l the path length. Figure 3 shows that the in-
tensity is maximum at the surface x ¼ x0.

We first consider the effects of photoisomerization, which
is a local mechanism that results in a length change of element
i in proportion to the intensity in element i. It is well known
that the conformation of an azo dye can change from trans to
cis by photoisomerization [23]. When azobenzene molecules
are dissolved into an LCE, the process of photoisomeri-
zation can cause a reduction in the long-range orientational
order [24].

The probability that an azo dye in the LCE undergoes trans–
cis photoisomerization is proportional to the population of
trans isomers oriented along the light’s polarization axis
and the light’s intensity [18]. We define ξ as the probability
per unit of intensity per unit of time that a trans isomer will
absorb light and be converted to a cis isomer. The tempera-
ture-dependent decay rate of the cis population, β, is assumed
to be independent of intensity. As long as the temperature in-
crease in the elastomer is small, which it is in our experiment,
this will be a good approximation.

The photothermal heating and photoisomerization mechan-
isms are coupled because the heating rate depends on the
trans population, which depends on the rate of photoisome-
rization. If the LCE is highly doped so that the 1=e absorption
length is much smaller than the length of the sample, only the
region near the surface of the sample will be illuminated.
Thus, photoisomerization-induced strain will be limited to a
negligibly small part of the sample, where even a large local
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Fig. 1. (Color online) Diagram of the POD used to measure the LCE’s
length change by detecting changes in the interference pattern of the
probe beam.

Fig. 2. Chemical structures of the silicon backbone, trifunctional
crosslinker, mesogenic side chain, and DO3 dopant chromophore that
are used to construct the dye-doped LCEs.

Fig. 3. (Color online) Liquid crystal elastomer illuminated by a
488nm wavelength laser, where the direction of light propagation
is parallel to the director orientation. The gradient represents laser
light absorption.

Fig. 4. (Color online) Sections of an LCE (top) before and
(bottom) after turning on the laser. The sections decrease by a length,
ΔLi, at position xi.
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strain would produce only a small change in the total length of
the LCE.

Since the absorption coefficient decreases as trans isomers
are converted to cis isomers, the laser penetrates deeper into
the sample over time. The equilibrium penetration depth will
be determined by the equilibrium trans population, which oc-
curs when the photoisomerization rate balances the recovery
rate, and the difference in optical absorption coefficient of the
cis and trans isomer. We find that this penetration depth, the
1=e absorption length, is approximately 5 μm for the range of
intensities used in our experiments at a wavelength of 488nm.
As such, we can treat the illuminated region as a thin heat
source that contributes little to the total length change.

The temperature of the rest of the LCE will increase due to
thermal diffusion of heat from the illuminated region, which
leads to a reduction in the long-range orientational order pa-
rameter away from the optical heat source and thus a change
in the length. By virtue of the fact that the LCE is much longer
than the illuminated region, even a small strain in the dark
region of a highly azobenzene-doped LCE can lead to a length
change that is much larger than in the illuminated region.

Thus, the physical picture of the process is as follows. The
light is absorbed in a thin layer of the LCE near its surface. The
heat generated in this thin region flows through the sample,
causing a decrease in the orientational order of the liquid crys-
talline molecules due to the resulting change in temperature.
The order reduction can be explained using statistical models
of nematic liquid crystals such as the method described by
Maier and Saupe [25–27].

The change in orientational order causes a length change.
Note that the population of cis isomers of the azobenzene do-
pants slightly increases with increased temperature, which at
extremely high concentrations of photonematogen dopants
could also contribute to the decrease of orientational order
of the liquid crystal and thus also contribute to length contrac-
tion [17]. We lump these two processes together and simply
call it the thermal mechanism. The sample reaches thermal
equilibrium when the heat flowing out of the LCE into the
glass substrates and lost due to convection at the glass–air
interface is in balance with the heat generated in the thin
surface layer.

Under the assumption that the temperature change is small
enough in the illuminated region to invoke the decoupled
mechanism approximation, the population dynamics are mod-
eled by light-induced depletion of trans isomers and constant-
rate recovery. The rate of change in the population fraction of
trans isomers, N , throughout the LCE via photoisomerization
is

dNðx; tÞ
dt

¼ −ξNðx; tÞIðx; tÞ þ βðNeq − Nðx; tÞÞ; ð2Þ

where Neq is the equilibrium population fraction of trans iso-
mers under ambient conditions and Iðx; tÞ is the light intensity
as a function of depth and time. While an increase in the tem-
perature can both cause conversion from cis to trans as well
as trans to cis isomers, in equilibrium, the population of the
higher-energy species will increase with temperature.

The intensity as a function of depth at the entry surface of
the LCE is time independent; that is, Ið0; tÞ ¼ I0. Substituting
the Beer–Lambert law into Eq. (2) gives the nonlinear rate
equation

d

dt
Nðx; tÞ ¼ −ξNðx; tÞI0 exp

�
−μ

Z
x

0
Nðx0; tÞdx0

�

þ βðNeq − Nðx; tÞÞ; ð3Þ

where μ ¼ ϵcA is the absorption coefficient multiplied by the
linear molecular density.

Equation (3) is a generalization of the two-state photoi-
somerization rate equation in the small absorption limit given
by Bian et al. for photoreorientation [16],

dN

dt
¼ −ξIN þ βð1 − 2NÞ; ð4Þ

which applies to the case when the material is much shorter
than the absorption length. The 2N term accounts for mole-
cules being equally distributed along two orthogonal direc-
tions in a plane perpendicular to the beam polarization axis.

The strain induced by photoisomerization, σp, is

σp ¼ ΔLp

L0
; ð5Þ

where ΔLp is the change in length caused by photoisomeriza-
tion and L0 is the initial length.

The order parameter for an LCE is a function of the isomer
concentration and temperature. The equation governing the
order parameter as a function of trans isomers is calculated
self-consistently [24]. With a small cis isomer population at a
given depth within the LCE, the uniaxial scalar order param-
eter,Q, can be approximated as a linear function of the dopant
concentration, N , or ΔQ ∝ ΔN , where Δ denotes the change
in a variable. Also, the curve defining the strain as a function
of change in the order parameter will be locally linear over
small changes in order. Thus, the strain can then be expressed
as σtðx; tÞ ∝ ΔQ. This approximation allows the photoisome-
rization strain to be expressed as

σpðx; tÞ ¼ −bðNeq − NÞ; ð6Þ

where b is the proportionality constant of photoisomerization-
induced strain.

B. Temperature-Induced Strain
The other photomechanical mechanism that we consider is
photothermal heating [13]. The temperature distribution
throughout the LCE is described by the heat equation. The
one-dimensional heat equation with a heat source and
conduction-type boundary conditions is given by

d

dt
Tðx; tÞ − KLCE

d2

dx2
Tðx; tÞ ¼ Hsðx; tÞ; ð7Þ

kLCE
d

dnx

Tðx; tÞjx¼0 ¼ f 1ðtÞ; ð8Þ

kLCE
d

dnx

Tðx; tÞjx¼L0
¼ f 2ðtÞ; ð9Þ

Tðx; 0Þ ¼ gðxÞ; ð10Þ
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where KLCE is the LCE’s thermal diffusivity, kLCE is the LCE’s
thermal conductivity, T is the temperature, Hsðx; tÞ is the rate
of temperature increase due to absorption of light in the
material, f describes the temperature gradient as a function
of time at each boundary, nx is the unit vector component
along the x̂ direction, and g is the initial temperature profile
of the material for an LCE of length L0.

Solutions to the boundary value problem depend on the ex-
perimental constraints and material parameters. For a steady
initial state with no heat source, the temperature profile is
constant. Thus, g ¼ T0 (room temperature). Since the change
in temperature is of interest rather than the absolute tempera-
ture, we subtract the ambient temperature from all tempera-
tures, thereby defining T0 ¼ 0. The light is turned on at t ¼ 0
to a constant intensity I0 and remains so indefinitely. This step
function intensity will result in transient behavior until the sys-
tem is in equilibrium. A fit of the transient behavior to the
model that follows will allow the material’s photomechanical
parameters to be determined.

The absorption of light from the laser acts as the heat
source, so the amount of heating at a point in the LCE is pro-
portional to the light intensity at that point. The boundary
function f will be described by contact conduction at the
LCE–glass interface, and the contact conductance coefficient
will be approximated as constant over small temperature in-
creases. Therefore, the boundary conditions may be written as

d

dnx

TLCEðx; tÞjx¼0 ¼
C1

kLCE
½TLCEð0; tÞ − Tglassð0; tÞ�; ð11Þ

d

dnx

TLCEðx; tÞjx¼L0
¼ C2

kLCE
½TLCEðL0; tÞ − TglassðL0; tÞ�: ð12Þ

Assuming that both boundaries have the same contact con-
ductance coefficient at the LCE–glass interface (C1 ¼ C2 ¼
C), the heat equation with the above boundary conditions
and the initial condition become

Hsðx; tÞ ¼
d

dt
TLCEðx; tÞ − KLCE

d2

dx2
TLCEðx; tÞ; ð13Þ

d

dnx

TLCEðx; tÞjx¼0 ¼
C

kLCE
½TLCEð0; tÞ − Tglassð0; tÞ�; ð14Þ

d

dnx

TLCEðx; tÞjx¼L0
¼ C

kLCE
½TLCEðL0; tÞ − TglassðL0; tÞ�; ð15Þ

TLCEðx; 0Þ ¼ 0: ð16Þ

The light energy absorbed at any point in the material is
proportional to the intensity at that specific point at that time
and is also proportional to the number of absorbers oriented
along the polarization of the light at that point in the LCE. We
define ζ to be the constant of proportionality that relates the
heating rate,Hs, to the intensity and trans population fraction,

Hsðx; tÞ ¼ ζNðx; tÞIðx; tÞ: ð17Þ

Given the intensity profile through an absorbing medium, the
intensity absorbed is given by

dIðx; tÞ ¼ −μIðx; tÞNðx; tÞdx; ð18Þ

which can be rewritten as

Iðx; tÞNðx; tÞ ¼ −

1
μ
d

dx
Iðx; tÞ: ð19Þ

Substituting Eq. (19) into Eq. (17) and defining α ¼ −
ζ
μ yields

Hsðx; tÞ ¼ −α d

dx
Iðx; tÞ: ð20Þ

Using Eq. (20), Eq. (13) can then be written as

−αdIðx; tÞ
dx

¼ d

dt
TLCEðx; tÞ − KLCE

d2

dx2
TLCEðx; tÞ; ð21Þ

which can be used to determine fully the thermal spatial strain
profile as a function of time of the LCE.

In previous experiments, shown in Fig. 1, the LCE is sand-
wiched between two glass slides. As such, heat will flow
through the glass, then the surrounding air. Given the large
volume of glass, heat will flow from the LCE to the glass for
the duration of the experiment while the laser is on, and heat
convection will occur across the surface of the glass–air inter-
face. This effect will be included in the LCE heat equation to
give a more accurate description of the LCE’s transient
temperature profile.

We assume that the one-dimensional heat equation approx-
imates the sample and the glass slide with contact conduction
boundary conditions at the illuminated LCE–glass interface
and convection at the other end of the glass slide. Therefore,
Eqs. (13)–(16) will describe the temperature for 0 < x < L0,
and the heat equation for the glass substrates with the step
function intensity described earlier will be modeled using
the following equations for −Lg < x < 0:

d

dt
Tglassðx; tÞ ¼ Kglass

d2

dx2
Tglassðx; tÞ; ð22Þ

d

dnx

Tglassðx; tÞjx¼−Lg
¼ h

kglass
Tglassð−Lg; tÞ; ð23Þ

d

dnx

Tglassðx; tÞjx¼0 ¼
C

kglass
½Tglassð0; tÞ − TLCEð0; tÞ�; ð24Þ

Tglassðx; 0Þ ¼ 0; ð25Þ

where kglass is the thermal conductivity, Kglass is the thermal
diffusivity, and Lg is the thickness of the glass, while h is the
convection coefficient between glass and air at room tempera-
ture. Note that the glass has only limited interactions with any
substance other than the LCE and air. Equations (22)–(25) will
also be used to find the temperature throughout the far glass
slide at the dark interface located at L0 < x < L0 þ Lg, where
L0 is the coordinate of the LCE–glass interface and L0 þ Lg is
the glass slide’s surface that is in contact with air and cools via
convection.

Once the temperature is known throughout the LCE, the
strain induced by the change in temperature can be found.
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In the case of a nematic LCE, the scalar uniaxial order pa-
rameter is also temperature dependent. Thus, in the 1=e ab-
sorption length, photoisomerization could dominate the
photomechanical effect. However, the heat generated in this
region can flow to the dark region, leading to a thermal
photomechanical response.

The thermal strain, σtðx; tÞ, is defined as

σt ¼
ΔLt

L0
; ð26Þ

where ΔLt is the change in length caused by the thermal
processes.

Similarly, following the previous approximations for photo-
isomerization-induced strain, the thermally induced strain can
then be written as σtðx; tÞ ∝ ΔQ, where ΔQ ∝ ΔT for small
changes in temperature. Therefore,

σtðx; tÞ ¼ −q½Tðx; tÞ − Tðx; 0Þ�; ð27Þ

where q is a thermal strain proportionality constant [in the
same manner as b in Eq. (6)].

C. Length Change
The total strain in the decoupled approximation is just the sum
of the two strains caused by photoreorientation and thermal
expansion,

σðx; tÞ ¼ σtðx; tÞ þ σpðx; tÞ: ð28Þ

The strain in Eq. (28) is then used to evaluate the total
change in length of the LCE. The change in length is related
to the average strain, σavg, by

σavg ≈
ΔL

L0
for ΔL ≪ L0; ð29Þ

where the total length change isΔL ¼ ΔLp þΔLt. If the strain
were uniform, then the total change in length would be the
strain multiplied by the initial length. In contrast, in our ex-
periments the strain depends on the depth, so that the change
in length in each segment of the LCE depends on its location.
Therefore, if the initial length of each segment is Δx, then the
change in length of the ith segment is ΔLi, which is given by

ΔLi ¼ σðxiÞΔx: ð30Þ

The total length change can be calculated by adding up the
length of each section,

ΔL ¼
X
i¼0

σðxiÞΔx: ð31Þ

In the continuum limit, if the strain is sufficiently small, the
total length can be approximated by

ΔL ¼
Z

L0

0
σðx; tÞdx: ð32Þ

Over a long time period, the LCE reaches an equilibrium
strain profile, accompanied by an equilibrium population pro-
file, temperature profile, and intensity profile. A measurement

ofΔL as a function of time during the transition to equilibrium
can be used to determine the phenomenological parameters
from Eq. (32) with the solutions obtained for Eq. (28), which
is used as the input of the numerical approximations
to Eq. (21).

D. Reversibility of LCE Length Change
The laser is turned off after the system reaches equilibrium.
Once again, the heat equation is solved but with no heat
source, and the initial strain profile for the relaxation process
will be simply the strain the instant the laser is turned off.

The photoisomerization-induced strain is treated in the
same manner, where the population fraction of trans isomers
along the direction of the polarization of the electric field
becomes

d

dt
Nðx; tÞ ¼ βðNeq − Nðx; tÞÞ; ð33Þ

where the initial condition is just the population fraction of
absorbers throughout the LCE at the time the laser is turned
off.

The heat equation for the glass substrates are identical to
the previous ones except that the initial condition is now the
temperature profile at the time the laser is turned off. Simi-
larly, the temperature profile of the LCE at laser shut-off
must be used as the initial conditions when solving for the
LCE’s relaxation. The equations governing the cooling of the
LCE are

d

dt
TLCEðx; tÞ ¼ KLCE

d2

dx2
TLCEðx; tÞ; ð34Þ

d

dnx

TLCEðx; tÞjx¼0 ¼
C

kLCE
½TLCEð0; tÞ − Tglassð0; tÞ�; ð35Þ

d

dnx

TLCEðx; tÞjx¼L0
¼ C

kLCE
½TLCEðL0; tÞ − TglassðL0; tÞ�; ð36Þ

TLCEðx; 0Þ ¼ GðxÞ; ð37Þ

where GðxÞ is the initial temperature profile of the LCE the
instant the laser is turned off.

As before, these equations can be used to calculate the in-
dividual strains due to the decoupled processes and summed.
Note that, during the relaxation process, we use the same
parameters as those determined from the transient response
after the laser was turned on.

4. COMPUTATIONAL RESULTS
For the case of photothermal heating, we must take into ac-
count the heat generated by the laser at the input end as well
as thermal diffusion through the sample and glass substrates.
The photoisomerization mechanism in the illuminated region
is ignored due to the extremely short path length. Further-
more, because of the small strain observed in previous POD
experiments, we will use the engineering strain approxima-
tion and will neglect the effects due to the constraint imposed
at the LCE–glass interfaces.

We solve the heat equation for the glass and LCE simulta-
neously using the constraints due to the boundary and the
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material’s constitutive relations to get a set of equations de-
scribing thermal-induced length changes using the finite dif-
ference approximation. The increments are small enough to
obtain a good approximation to our experimental parameters.

The explicit finite difference method was chosen due to the
multiple boundaries that are taken into account. The photoi-
somerization equation and heat equation were solved in rela-
tively large spatial increments, 66 μm, and small temporal
increments, 1ms, to account for stability governed by the
Fourier number, which must be taken into consideration
for the stability of the explicit finite difference approximation.
Because the path length of the pump beam is approximately
5 μm for a high-concentration DO3-doped LCE, all of the light
is absorbed in the first LCE increment. Thus, the change in the
population fraction of trans isomers is negligible in the heat
source term throughout the rest of the sample. This picture
is consistent with experimental observations of a photome-
chanical response that is dominated by thermal diffusion.
Using these approximations, the heat equation was numeri-
cally solved to determine the temperature profile from which
the length change was determined. The numerical models for
length contraction and relaxation were used as fitting func-
tions, where q is the thermal strain proportionality constant
and is introduced as a phenomenological fitting parameter.

The thermal strain, σtðx; tÞ, peaks near the surface of the
LCE at short times and propagates inward as the heat diffuses
beyond the illuminated region. Photoisomerization orienta-
tional hole burning leads to a decrease in optical absorption
and thus allows the light to penetrate further into the sample.
The light continues to burn an isomerization hole until an equi-
librium intensity profile is reached, defined by the condition
that the rate of isomerization induced by the laser matches the
relaxation rate at each point in the sample. Since experimental
evidence suggests that the photoisomerization’s contribution
to the strain from the illuminated region is negligible, the step
size in the numerical calculations was chosen to be much lar-
ger than the 1=e absorption length to avoid the necessity for
modeling the effects of orientational hole burning.

Since photoisomerization is found to occur in a thin surface
layer of a high-concentration DO3-doped LCE (typically less
than 50 μm), the contribution to the length change of the LCE
from this mechanism is negligible. The dynamics of the photo-
isomerization process, however, determines the temporal
dependence of energy absorption, but once this fast process
reaches equilibrium, its net effect can be approximated as a
constant heat source near the sample’s surface. Thus, the
mechanisms of photoisomerization and heating are effectively
decoupled.

Previous work supports the view that length contraction
due to photoisomerization is negligible [6]. This approxima-
tion will remain valid as long as the light is absorbed over
a thin enough length that its contribution to the length change
is negligible. In this regime, we can set N ≈ Neq, and

σðx; tÞ ≈ σtðx; tÞ: ð38Þ

The length change of the LCE can be determined from the
angle between the plates and the length change at the position
of the probe laser using a simple geometric analysis based on
the geometry of similar triangles. An estimate of the initial
phase of the interferometer at the start of the experiment
is the largest source of experimental uncertainty. The posi-

tions of the peaks and the initial phase of the interferometer
provides sufficient information to determine the evolution of
the length of the LCE during and after laser illumination.

To determine the length change, we use the transmittance
equation for a Fabry–Perot interferometer,

IðtÞ
Imax

¼ 1

1þ F sin2
�
2π
λ ðΔLðtÞ þ L0Þ

� ; ð39Þ

where F is a constant, commonly known as the finesse,
that depends on the reflectivity of the mirrors. For a 488nm
pump laser, the separation between peaks corresponds to a
displacement of 244nm.

The theory is used to fit the data for a range of laser powers
of high-concentration dye-doped LCEs. A few simplifying
assumptions were made. First, the thermal diffusivity is as-
sumed to be constant, independent of temperature and degree
of photoisomerization of the dyes in the LCE. Also assumed is
that the contact conductance coefficient through the LCE–
glass interface remains constant and is equal on both the
illuminated interface and the opposite dark interface. The
convection coefficient, h, is also assumed to be a constant.
Finally, the Beer–Lambert coefficient is also assumed to be
temperature independent.

The results of a numerical simulation of the temperature
over a 40 s interval is shown in Fig. 5, which shows the tem-
perature as a function of time and depth in the LCE and glass
slides. Heat flows out through all the surfaces of the 1mm
thick glass substrates through convection. The substrate’s
large volume makes numerical modeling difficult due to mem-
ory and computing power limitations. Our approach is to
apply a one-dimensional approximation but to increase the
thickness out to a distance that is larger than the actual sub-
strate thickness but smaller than its two largest dimensions to
take into account the larger volume of the substrate. While the
thermal diffusivity of the glass is set to the literature value, the
heat transfer coefficient is adjusted so that the average heat
transfer through the sample–glass interface approximates the
actual value in the presence of the large glass substrates. This
is a good compromise because it takes into account heat
conductance at the sample surface where the temperature

Fig. 5. (Color online) Calculated temperature change due to heating
by absorption of a 36mW laser over the surface of a 400 μm LCE in-
itially at room temperature. The middle peak corresponds to the posi-
tion of the LCE, while the broader wings correspond to the glass
substrate.
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is greatest and approximates the effects of the parts of the
substrate that are furthest from the interface, which will
not affect the sample’s temperature profile significantly. In ef-
fect, this approach averages over the effects of the remote
parts of the bulk substrate.

Figure 6 shows the average temperature from numerical
calculations and temperature probe measurements plotted
against time. The theory and experiment agree well.

The total strain approximated as the thermal strain in
Eq. (38) is used to model the total length change of the sample,
and the numerical results are fit to the experimental data. The
length change data from measurements and the theoretical
curves for several intensities are shown in Fig. 7(a). Note that
the high optical density of the sample leads to high energy
density of absorption, so that one must be careful to use in-
tensities that are low enough to prevent damage to the LCEs.

The values of the parameters from the literature or deter-
mined from fitting are shown in Table 1. Note that the con-
stant of proportionality, q, for a dye-doped LCE is about an
order of magnitude larger than it is for DR1-doped poly
(methyl methacrylate) (PMMA) (approximately 2:5×
10−4 K−1) as reported by Xiang et al. [28]. This difference is
primarily due to the leveraged effect of a photothermally in-
duced decrease in orientational order of the mesogens.

Theparameters fromthefitsof theLCElengthasafunctionof
time in the presence of light were either determined separately
by experimentation, found in literature, or determined by
fits using the numerical calculation. The data and the fits for
the illuminated response are shown in Fig. 7(a). Figure 7(b)
shows the theoretical curves and data of length relaxation to
the initial stateasa functionof timeafter the lightbeamis turned
off. The theoretical curves showing relaxation use the same
parameters aswere determined from the light-induced studies.
Alsonote that thesetofparametersare thesameforall curvesat
the various light intensities.

The calculation of length relaxation over time after the la-
ser is turned off spans 40 s of time. Since our model does not
take into account the changes in the longtime boundary con-
dition, the theoretical predictions for the total length contrac-
tion are always slightly smaller than the experimental values.
Note that assumptions about the geometry of the glass and
LCE leads to a small deviation between the experimental data

and the theory at longer times. However, the predicted trends
are consistent with the data.

To elaborate, with one set of parameters, our theoretical
model of photoisomerization decoupled from photothermal
heating accurately predicts both the length increase as a func-
tion of time of an LCE for a wide range of intensities as well as
the relaxation process (note that q is a function of the initial
nematic order and can change from sample to sample). Thus,
the parameters are intrinsic to the system and their depen-
dence on the laser power is observed to be negligible. This
self-consistency of a broad set of data that is described by
one set of parameters that agreewith literature values suggests
that our model of the mechanisms of the photomechanical
response is valid.

Fig. 6. (Color online) Change in temperature for an experimental run
lasting 40 s (points) and the numerical calculation (curves) using the
parameters shown in Table 1. The time scale is logarithmic.

(a)

(b)

Fig. 7. (Color online) (a) Length contraction of an LCE for a series of
incident laser powers as a function of time after the laser is turned on,
and (b) the length relaxation when the laser is turned off after being
illuminated for 5 min. The theory curves use the parameters shown in
Table 1.

Table 1. LCE Parameters

Constant Value Units Source

q 1:181 × 10−3 K−1 determined
KLCE 1:5 × 10−7 m2 · s−1 literature/fit
Kglass 4:1 × 10−7 m2 · s−1 literature
kLCE 0.195 W · m · K−1 literature/fit
kglass 1.1 W · m · K−1 literature
α=A 2:5 × 10−3 W−1 · m · K fit
C 3:575 × 102 W · m−2 · K−1 fit
h 2:75 × 103 W · m−2 · K−1 fit
μ 2:0 × 105 m−1 determined
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5. CONCLUSION
We have developed a general theory of the photomechanical
response of a nematic LCE in a POD geometry. Photothermal
heating was able to accurately predict the complicated rate of
length change by accounting for the surrounding’s thermal
properties that a simple rate equation for localized photoi-
somerization cannot explain. The two mechanisms are
coupled through the isomerization hole-burning effect, where
the population fraction of trans isomers is depleted, which
makes the material less absorbing and allows light to travel
deeper into the material. This coupling effect was found to
be negligible within the geometries of a POD. The experimen-
tal results for high concentrations of photoisomerizable dye
dissolved in an LCE are consistent with the decoupled approx-
imation because most of the energy is absorbed near the sur-
face, which then diffuses throughout the LCE, leading to a
large thermal-induced strain.

Our model correctly predicts the dynamical behavior of an
LCE in response to a laser that is abruptly turned on, remains
at a constant intensity until the system reaches equilibrium,
and is turned off abruptly. One set of parameters describes
both the onset and relaxation of the LCE length over a broad
range of intensities up to the point where the material is near
its damage threshold. As such, experimental results, when fit
to the theory, can be used to measure the material’s photome-
chanical constants in this geometry. Furthermore, the models
accurately predict both the temperature change and length
change as a function of time and show a strong correlation
between them. Moreover, this correlation is independent of
pump intensity. Therefore, the set of theoretical models that
is in concert with experimental results provides strong evi-
dence that photothermal heating is the dominant mechanism.
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