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Abstract 

Liquid crystalline elastomers (LCEs) exhibit some remarkable physical properties, such as the reversible large mechanical 
deformation induced by proper environmental stimuli of different nature, such as the thermal stimulus, allowing their use as 
soft actuators. The unique features displayed by LCE are originated from their anisotropic microstructure characterized by the 
preferential orientation of the mesogen molecules embedded in the polymer network. An open issue in the design of LCEs is 
how to control their actuation effectiveness: the amount of mesogens molecules, how they are linked to the network, the order 
degree, the cross-link density are some controllable parameters whose spatial distribution, however, in general cannot be 
tuned except the last one. In this paper, we develop a theoretical micromechanical-based framework to model and explore the 
effect of the network cross-link density on the mechanical actuation of elements made of liquid crystalline elastomer. In this 
context, the light-induced polymerization (photopolymerization) for obtaining the elastomers’ cross-linked network is of 
particular interest, being suitable for precisely tuning the cross-link density distribution within the material; this technology 
enables to obtain a molecular-scale architected LCEs, allowing the optimal design of the obtainable actuation. The possibility 
to properly set the cross-link density arrangement within the smart structural element (LCE microstructure design and 
optimization), represents an intriguing way to create molecular-scale engineered LCE elements having material 
microstructure encoded desired actuation capabilities. 

Keywords: polymers; liquid crystal elastomers; cross-link density; actuation 

 

 

1. Introduction 

The increasing demand for smart and responsive devices 
in advanced applications, has stimulated the interest in the 
development of new materials that are nowadays constantly 
being developed for obtaining new performances and new 
functionalities. A common feature shown by all smart 
materials, is their responsiveness to proper environmental 
inputs, which can range within a broad family of stimuli such 
as those of chemical, physical and mechanical nature [1–7]. 
Smart materials have, to some extent, several similarities to 
living systems: in order to optimize the function they are 

devoted to, they adapt their physical, chemical properties or 
geometrical shape in response to environmental stimuli. 

Different types of smart responsive materials, 
characterized by different mechanical properties and 
response mechanisms, have been developed so far. Polymer-
based materials have been often considered for the 
development of responsive devices because of the low cost 
and light weight, good processability, good corrosion 
resistance, high level of biocompatibility, ease of inserting 
particular molecules within their network [8], and because 
their mechanical properties are suitable to mimic biological 
tissues and living organisms [9,10]. Among the most 
intriguing applications of responsive polymers, it is worth 
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mentioning their use as artificial muscles, in industrial 
manufacturing, for health and micro-electromechanical 
systems (MEMS), for the development of drug delivery 
systems, sensors, actuators, etc. [11–13]. 

Among the smart polymers, it worth recalling those 
capable of a reversible mechanical deformation induced by 
an electrical potential, such as dielectric elastomers (DEs) 
[14] and ionic polymer–metal composites (IPMC) [15]. 

Within the huge family of smart materials, a group of 
polymers – embedding at the same time properties of both 
liquid crystals and elastomers – usually referred to as liquid 
crystal elastomers (LCEs), is of particular interest. They are 
characterized by a peculiar microstructural anisotropy 
providing the capability of responding to external stimuli 
with a large mechanical reversible deformation, similar to 
that observed in soft living systems [16]. 

Differently by DEs and IPMCs, LCEs are particularly 
suitable in applications requiring unthetered devices, capable 
of easily responding reversibly to environmental stimuli such 
as heat and light. 

They contain mesogens units whose preferential spatial 
alignment provides a self-organization nature to the material; 
the stimuli-induced change of the orientational order of the 
network’s chains structure can be readily exploited to induce 
self-deformation in the material.  

Due to the anisotropic nature of the spatial arrangement of 
the rod-like molecules contained in liquid crystal elastomers 
in the nematic state, LCEs exhibit a liquid crystalline 
structure: the mesogenic units – whose organization has a 
certain preferential orientation – remain individually mobile 
and thus flow past each other.  

LCEs have been recognized to be particularly useful and 
promising materials because of their multiple properties, 
such as high deformability, elastic response, good strength, 
durability, light weight, significant reversible actuation, etc. 

The self-organization, typical of liquid crystals, and the 
deformation capabilities of elastomers, are the key elements 
allowing large and reversible dimensional change, taking 
place accompanied by a noticeable force density and 
mechanical strength, in response to environmental stimuli 
[17–19]. 

When the material is in the nematic phase, the mesogenic 
units are preferentially aligned in one specific direction 
named the nematic director; if mesogens are topologically 
connected – via their incorporation into a cross-linked 
polymer network – a distortion of the polymer network, 
usually detectable at the macroscale, takes place because of 
the liquid crystalline nematic-isotropic phase transition. Such 
a reversible anisotropic-isotropic transition can be induced 
by various stimuli such as non-mesogenic solvents, heating, 
or, in some cases, ultraviolet (UV) light. During this phase 
transition, a monodomain nematic LCE material will contract 
along the director and expand in the perpendicular direction. 
It is worth recalling that uniaxial deformations up to 300% 
during the phase change have been observed in experiments 
[20]; these large deformation values make LCEs suitable to 

be applied in artificial muscle technologies and in the 
production of soft actuators, soft robots and compliant 
responsive devices. 

The nature of the mesogen molecules, the cross-linking 
degree, the way the mesogen units are connected to the 
polymer network (side-chain or main-chain), are all factors 
affecting the responsiveness whose intensity is quantified by 
the length change and the mechanical force shown by the 
material.  

A customized LCE actuation can be obtained by properly 
arranging the nematic orientation within the material domain 
and/or playing with the cross-link density of the material 
itself, for example through the use of modern 3D printing 
technologies [21–25]. 

By considering the light-induced polymerization in 
elastomer synthesis (such as in the so-called additive 
manufacturing stereolithography (SLA) technology), the 
possibility to design molecular-scale architected LCE 
elements showing specific actuation capabilities, becomes 
easily feasible. A desired cross-link density distribution can 
be obtained by adjusting the light intensity (typically UV 
light is adopted) as well as the exposure time.  

Various models have been proposed for modeling LCE 
materials; in [26] the Helmholtz free energy and a Rayleigh 
dissipation energetic term have been used to model the shape 
change of LCEs under light stimulus. Similarly, in [27] the 
order tensor – originally introduced for nematic fluids [28] - 
has been extended for modelling LCEs. Mechanical models 
describing the mechanics of particular structural elements 
(such as plates, membranes, etc.) have been also proposed, 
[29], while phenomenological approaches, based on the 
implementation in FE models of the experimentally 
determined deformation-temperature relationship, have been 
proposed for modeling shape morphing of LCE elements 
[30]. Despite existing approaches provide a suitable 
description of the nematic-isotropic transition-dependent 
deformation of LCEs and of the related macroscopic 
structural elements, they usually do not take into account 
how the cross-link density affects the actuation capability of 
LCEs. 

In the present paper, starting from the well-known 
molecular theory of rubber elasticity developed by Warner 
and Terentjev for LCEs [31–34], we propose a physics-based 
model capable of considering the effect of the chains cross-
link density on the actuation capability of LCE materials 
through its effect on the chain distribution tensor, a quantity 
strictly related to the step length tensor. 

In this paper, based on experimental evidences, we 
investigate the mechanical response of LCEs by accounting 
for the role played by the cross-link density distribution 
within the material. Another relevant parameter affecting the 
actuation effectiveness of LCEs, is represented by the so-
called order parameter quantifying the degree of mesogens 
alignment; however, as shown by several experimental 
observations, a simple way of tuning the actuation in LCEs 
(especially in the so-called main chain LCEs), is through the 
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cross-link density of their underneath chain network [35]. 
Starting from a micromechanical-based theory of LCEs, we 
investigate the role played by the cross-link density on the 
actuation capability of LCE elements with thermal-induced 
nematic-isotropic transition. The developed theoretical 
model, implemented in a finite element (FE) framework, has 
been used to study the actuation provided by various LCE 
elements and to reproduce experimental data. 

2. Micromechanical model of LCEs 

2.1 Mechanics of a polymer network 

The microstructure of an elastomeric material consists of 
an amorphous arrangement of entangled chains joined at 
discrete points to form a network; the mechanics of this class 
of materials can be conveniently modelled by adopting a 
statistical-based approach describing the spatial chain 
arrangement [36–40]. 

Because of the disordered arrangement of the chains, the 
physical state of the network is well described by the 
entropic energy rather than by the standard deformation 
energy, the latter being typical of solids with an ordered 
microstructure such as in crystalline ones. According to the 
freely-jointed chain model (FJC) a polymer chain is usually 
assumed to be made of 𝑁 rigid (Khun’s) segments 
(monomers) of equal length 𝑏, arranged in the 3D space 
according to the random-walk theory [39]. The maximum 
disorder degree of the network usually takes place in the 
stress-free state of the material; upon stretching, the chains 
are forced to elongate in the load direction and, because of 
the increasing order taking place during the deformation, the 
entropic energy reduces. The above-mentioned assumption 
related to the structure of a single chain, entails a limit for its 
maximum extension because of the rigidity of the 
constituting monomer segments; as a consequence, the 
maximum length of a stretched chain cannot overcome its 
contour length 𝑁𝑏, and the corresponding maximum stretch 

becomes equal to 𝜆 = √𝑁. It has also been observed that 
the so-called end-to-end vector 𝒓, identifying the relative 
position of the two chain’s extremities, represents a suitable 
parameter identifying the chain’s physical state [39]. 

By harnessing this concept, the statistical description of 
the chain arrangement provides a suitable tool for describing 
the state of the polymer. Let us now introduce the function 
𝜌 (𝒓) describing the chain end-to-end vector distribution in 
the stress-free state of the material: 

𝜌 (𝒓) = 𝑐  𝜑 (|𝒓|) ,  

being   𝜑 (|𝒓|) = exp −
|𝒓|

  
(1) 

where 𝑐  represents the chain density (number of cross-
linked chains per unit volume) while 𝜑  is the normalized 
distribution function, usually assumed to be the 3D Gaussian 
function characterized by mean value |𝒓| = 0 and standard 

deviation 𝑏 𝑁/3 .  According to the above definition, the 

integration of the function 𝜌 (𝑟) over the chain space 
(spanning all the possible chain lengths and orientations) 
must provide the number of mechanically active chains: 

𝑐 = 〈𝜌 〉 = ∫ 𝜌  𝑑Ω =

∫ ∫ ∫ 𝜌 (𝒓) |𝒓| 𝑑𝑟 sin 𝜃 𝑑𝜃𝑑𝜔, where the integral 

takes into account only the ‘mechanically active’ chains, i.e. 
those fully connected to the network that are able to 
contribute to the load carrying mechanism induced by the 
applied deformation. It is worth mentioning that the chain 
concentration 𝑐   is strictly related to the shear modulus 𝜇 of 
the material through the well-known expression: 𝜇 =

𝑐  𝑘  𝑇, where 𝑘  and 𝑇 are the Boltzmann constant and the 
absolute temperature, respectively [39]. 

A simplifying hypothesis, often made in rubber elasticity, 
is the so-called affine deformation hypothesis: the polymer 
chains deform at the microscopic scale as the material does at 
the continuum level. Hereafter, we are going to adopt such as 
assumption in the development of our theory. As a 
consequence, the energy density of the polymer is provided 
by the following integral, 𝛹 = ∫ 𝜌(𝒓, 𝑡) 𝜓(|𝒓|) 𝑑Ω, where 

the term 𝜓(|𝒓|) represents the deformation energy per single 
chain, usually expressed as a function of the end-to-end 
vector distance |𝒓|; according to the Gaussian statistics the 
deformation energy per single chain is expressed as 𝜓(|𝒓|) =

|𝒓| , while,  according to the more realistic Langevin 

assumption, the chain energy is given by 𝜓(|𝒓|) =

𝑁𝑘 𝑇 𝛽𝐿 (𝛽) + ln
( )

[ ( )]
, being 𝐿 (𝛽) the inverse 

of the Langevin function (with 𝛽 = |𝒓|/𝑁𝑏) characterized by 
an unlimited value when the chain length tends to its contour 
length, i.e. 𝜓(|𝒓|) → ∞ when |𝒓| → 𝑟 ≅ 𝑁𝑏) [36]. 

The configuration of the network at a generic time 𝑡 is 
fully known through the corresponding distribution function 
𝜌(𝒓, 𝑡) that, starting from the initial chain configuration 
quantified by the distribution function 𝜌 (𝒓), evolves 
because of the applied mechanical deformation and/or in a 
LCE, due to the self deformation induced by the change in 
the nematic order [32,41]. 

Figure 1 sketches how the distribution function 𝜌(𝒓) (or 
equivalently its dimensionless counterpart  𝜑(𝒓)) changes 
because of the change of the mesogens preferential 
orientation induced by cooling down or heating up the 
material. 

 
Figure 1. - Scheme of the distribution function at a generic material 
point of a liquid crystal elastomer at a temperature above (a) and 
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below (b) the transition temperature 𝑇 . The distribution function 
𝜑(𝒓), whose values are schematically represented by the intensity 
of the background green colour,  is isotropic in the first state 
(random orientation of the mesogens) and anisotropic in the other 
(nematic state with mesogens preferentially aligned along the 𝑥-
direction). 

The current elastic energy density of a deformed network, 
evaluated with respect to its initial (stress-free) state, is 
expressed as: 

Δ𝛹(𝑡) = 𝛹(𝑡) − 𝛹 + 𝐴 =  

= 𝑐 〈[𝜑(𝒓, 𝑡) − 𝜑 (𝒓)]𝜓〉 +
+𝑝[det(𝑭) − 1]  

(2) 

where  𝑭 = 𝜕𝒙/𝜕𝑿 = 𝟏 + 𝜕𝒖/𝜕𝑿 is the deformation 
gradient tensor, 𝟏 is the second order identity tensor, and 𝒖 is 
the displacement field, while 𝑝 is the hydrostatic pressure 
playing the role of a multiplier constraint required to fulfill 
the incompressibility condition (hereafter always assumed 
for the LCEs) expressed by 𝐽 = det(𝑭) = 1. 

By introducing the distribution tensor 𝝁, quantifying the 
number of chains with a given end-to-end distance and 
orientation in the 3D chain space [42], the previous energy 
density can be rewritten as follows: 

Δ𝛹(𝑡) =
3𝑐 𝑘 𝑇

2𝑁𝑏
tr[𝝁(𝑡) − 𝝁 ]

+ 𝑝[det(𝑭(𝑡)) − 1] 
(3) 

where 𝝁 = 〈𝜑 (𝒓, 𝑡 = 0)𝒓 ⊗ 𝒓〉 is the distribution tensor in 
the initial stress-free state, while 𝝁 = 〈𝜑(𝒓, 𝑡) 𝒓 ⊗ 𝒓〉 refers 
to the current deformed configuration. 

In a standard polymer having a chain network without any 
preferential direction, the chain orientations are distributed 
isotropically in the stress-free state and, by adopting the 
Gaussian statistics for the chain’s energy, the distribution 

tensor assumes the simple expression 𝝁 = 𝟏. 

It is worth mentioning that the distribution tensor can 
be thought of as an extension to the so-called structure’s 
tensor [43]. By harnessing the expression of the power 
density of the material: 

Δ�̇�(𝑡) = 𝑐 〈�̇�(𝒓, 𝑡)𝜓〉 =  

= [𝝁(𝑡) − 𝝁 ]: 𝑳(𝑡) + 𝑝(𝑡) tr 𝑳(𝑡) =   

= 𝝈(𝑡) ∶ 𝑫(𝑡)     

(4) 

The Cauchy stress tensor 𝝈(𝑡) at the time 𝑡 can be 
easily identified to be expressed as [42]: 

𝝈(𝑡) = 𝐽 𝑷(𝑡)𝑭 (𝑡) = [𝝁(𝑡) − 𝝁 ] +  𝑝(𝑡) 𝟏  (5) 

In Eq. (4), 𝑫 is the symmetric part of the velocity gradient 
tensor 𝑳, namely 𝑫 = sym 𝑳=(𝑳 + 𝑳 )/2, being 𝑳 = �̇�𝑭 , 
while the symbol : indicates the double contraction operator. 
In the cases where both damage (i.e. chain loss) and self-
healing (i.e. chain gain) mechanisms do not take place, 𝑐  
remains constant all along the whole mechanical deformation 
process and the time evolution of the distribution function �̇�, 
required to evaluate (4), can be determined from the chain 

density conservation relation ∫ 𝜑(𝒓, 𝑡) 𝑑𝑉 = 0, stating 

that the time variation of the chain concentration 𝑐  is zero 
(the number of chains in the volume 𝑉 is constant in time), 
i.e. �̇� = 𝑐  〈�̇�〉 = 0, → 𝜕𝜑(𝒓, 𝑡)/𝜕𝑡 = −(∇𝜑 ⊗ 𝒓 +

 𝜑 𝟏): 𝑳 [42].  

2.2 Mechanics of a Liquid Crystal Elastomer 

Various models aimed at describing the behavior of liquid 
crystals based on the description of molecular force 
interaction, have been proposed in the literature [41,44]. 

The universally-recognized physics-based theory of 
Warner, Terentjev et al. has had the merit to extend the 
classical molecular rubber elasticity to nematic elastomers by 
accounting for the molecular anisotropy induced by the 
coupling of the mesogens reorientation to the elastomer 
network [31,33,34]. The physical state of a nematic 
elastomer is usually described by the director field, whose 
change triggers the appearance of a spontaneous 
deformations occurring even if the elasticity of the network 
partially hinders the mesogen reorientation. 

Hereafter, by harnessing the statistical description of the 
network arrangement through the use of the above-
mentioned distribution tensor, the mechanics of LCEs is 
developed based on the classical molecular rubber elasticity 
[31–34]. 

Differently from classical polymers having a random 
isotropic distribution of the chains orientation in the stress-
free state (in such a case the distribution tensor 𝝁  is 
characterized by a spherical symmetry and has three identical 
eigenvalues, 𝜇 = 𝜇 = 𝜇 ), polymers polymerized in the 
nematic state have the network’s chains preferentially 
aligned to the nematic ordering of the mesogens. This 
implies that the distribution function 𝜑  is non-isotropic, and 
in this case a general expression for 𝜑  to be used in place of 
Eq. (1) is the following [32]: 

𝜑 (𝒓) =
𝓵𝟎

 exp −
 𝒓⋅𝓵 𝒓

  (6) 

being 𝓵 = ℓ  𝟏 + (ℓ ∥ − ℓ ) 𝒏 ⊗ 𝒏 the step-length 
tensor of the chain distribution; it quantifies the anisotropy of 
the polymer chains at the time of cross-linking and is 
expressed through the effective initial step lengths ℓ  and 
ℓ ∥, measured parallel and perpendicular to the director 𝒏, 
respectively (Figure 2a). In the nematic state it happens to be 
ℓ ∥ ≫ ℓ , while in a perfectly isotropic state the step length 
tensor reduces to 𝓵 = 𝑏𝟏 and the averaged square of the 

end-to-end distance becomes 〈𝑟 〉 = , 𝑖 = 1,2,3 [33,39]. 

In the following, at the time of cross-linking we assume 
the state of the polymer to be stress-free; it can be easily 
shown that in this case the distribution tensor is related to the 

step-length tensor simply by: 𝝁 = 𝓵  [45]. 

In its principal directions’ frame of reference the 
distribution tensor can be expressed as 𝝁 = 𝑹 𝝁  𝑹 =

∑ 𝜇 𝒎 ⊗ 𝒎 , being 𝑹 a second order rotation tensor 
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and 𝒎  the versor of the 𝑖 − 𝑡ℎ principal direction
(𝜇 , 𝜇 , 𝜇 ) are the three eigenvalues of 
principal directions are superposed to the axes of the frame 
of reference, 𝝁  assumes the simple diagonal form 

𝜇  𝛿 , 𝑖, 𝑗 = 1,2,3.  
It is worth mentioning that, when the principal directions 

of the distribution tensor are aligned with the coordinate 
axes, the eigenvalues (𝜇 , 𝜇 , 𝜇 ) are related to the 
standard deviation of the end-to-end distance components 
measured along the axes, namely 𝜇 = 〈𝑟

when the mesogen units are preferentially aligned along the 

3rd Cartesian axis: 𝜇 = 〈𝑟 (𝑡)〉 =

〈𝑟 (𝑡)〉 = [1 − 𝑄(𝑡)] and 𝜇 =

2𝑄(𝑡)]. 
In the principal direction frame of reference, the 

distribution tensor can be graphically represented 
ellipsoid whose axes are the principal directions
mechanical deformation, as well as the order imposed by the 
nematic mesogens, have the effect of induc
of such an ellipsoid in the respective direction
stretch or that of the nematic director) and, because of the 
material incompressibility constraint, a contraction in the 
perpendicular directions arises. 

The so-called order parameter at the time 
expressing the dispersion of the angle 𝜃
mesogen units with respect the their average direction 

director 𝒏 (Figure 2a) – is defined as 𝑄(𝑡

12, and the corresponding distribution tensor 

𝝁(𝑡) = 𝓵(𝑡) = 𝑏[(1 − 𝑄(𝑡)) 𝟏 + 3𝑄

particular, when the order parameter (whose possible domain 
is defined as −1/2 ≤ 𝑄 ≤ 1) is equal to 
order of the mesogens is perfect, and they are all 
aligned along a well defined direction, while
they are randomly oriented, such as in a standard isotropic 
arrangement of polymeric chains. When 
mesogens are characterized by an intermediate degree of 
alignment, where the degree of the orientation dispersion 
increases as 𝑄 → 0. Finally, the value 
nematic order parameter indicates that all 
lay to the 𝑥, 𝑦 plane. 

When  the case of a temperature-driven order change is 
concerned, i.e. 𝜃(𝑡) = 𝜃(𝑇(𝑡)), the distribution tensor 
describing the chain distribution in space becomes itself a 
function of the temperature. The above-defined distribution 
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principal direction, while 
are the three eigenvalues of 𝝁 . When the 

principal directions are superposed to the axes of the frame 
diagonal form 𝝁 =

, when the principal directions 
of the distribution tensor are aligned with the coordinate 

) are related to the 
end distance components 

〈𝑟 〉, 𝑖 = 1,2,3, i.e. 
when the mesogen units are preferentially aligned along the 

[1 − 𝑄(𝑡)], 𝜇 =

〈𝑟 (𝑡)〉 = [1 +

In the principal direction frame of reference, the 
represented by an 

ellipsoid whose axes are the principal directions. A 
rder imposed by the 

inducing the elongation 
of such an ellipsoid in the respective direction (i.e. that of the 

and, because of the 
incompressibility constraint, a contraction in the 

at the time 𝑡, 𝑄(𝑡) – 
𝜃(𝑡) formed by the 

mesogen units with respect the their average direction of the 

𝑡) = 〈 cos 𝜃(𝑡) −

distribution tensor becomes 

𝑄(𝑡) 𝒏 ⊗ 𝒏]. In 

(whose possible domain 
 𝑄 = 1 the nematic 

and they are all ideally 
, while when 𝑄 = 0 

such as in a standard isotropic 
When 0 < 𝑄 < 1 the 

mesogens are characterized by an intermediate degree of 
the degree of the orientation dispersion 

value 𝑄 = −1/2 of the 
indicates that all the rod molecules 

driven order change is 
, the distribution tensor 

the chain distribution in space becomes itself a 
defined distribution 

tensor can be related to the so
𝑸(𝑡) (or the de Gennes order tensor
relation: 

𝑸(𝑡) =
𝑄(𝑡)

2
(3𝒏 ⊗ 𝒏 − 𝟏)

= 3
𝝁( )

− 𝟏    

As mentioned in the introduction, 
is strictly related to the temperature of the material: for 
𝑇 < 𝑇  the order parameter is 
of the nematic order at the time of cross
occur in the nematic state, while if 
the chain configuration tends to become

Figure 2. Preferential orientation of mesogen molecules 
director 𝒏 here in the figure assumed to be 
𝑥 −axis. (b) Nematic-isotropic transition in LCE induced by a 
temperature increase crossing the transition temperature 
left to right). 

The nematic order-temperature dependence is influenced 
by the  physical-chemical properties of the 
the cross-link density and can be determined from
experimental tests [47]. Typically
temperature change because the initial order of the mesogen 
units is progressively destroied when the material is heated 
above the so-called nematic-isotropic transition temperature 
𝑇 . This process is  fully reversible and provides a 
noticeable actuation force [32]
assume the nematic order parameter to be related to the 
temperature change by the  relationship: 

with 𝑔(𝑇) = 1 + exp

dependent parameter. The function 
the transition of the order parameter from 
to the isotropic one occurs as the temperature increases 
beyond the transition temperature 
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tensor can be related to the so-called nematic order tensor 
(or the de Gennes order tensor [32,46]), through the 

) =
1

2

𝓵(𝑡)

𝑏
− 𝟏 = 

(7) 

As mentioned in the introduction, the nematic order of LCEs 
related to the temperature of the material: for 

the order parameter is 𝑄 = 𝑄  , being 𝑄  the value 
of the nematic order at the time of cross-linking assumed to 

nematic state, while if 𝑇 > 𝑇   then 𝑄 → 0, i.e. 
tends to become isotropic.  

 
Preferential orientation of mesogen molecules about the 

assumed to be nearly aligned with the 
isotropic transition in LCE induced by a 

crossing the transition temperature 𝑇  (from 

temperature dependence is influenced 
chemical properties of the mesogens and by 

and can be determined from 
. Typically, LCEs are responsive to a 

temperature change because the initial order of the mesogen 
units is progressively destroied when the material is heated 

isotropic transition temperature 
his process is  fully reversible and provides a 

[32]. In the present study we 
assume the nematic order parameter to be related to the 

relationship: 𝑄(𝑇) = 𝑄  𝑔(𝑇), 

, being 𝑐 a material-

The function 𝑔(𝑇) quantifies the way 
transition of the order parameter from 𝑄  (nematic state) 

as the temperature increases 
beyond the transition temperature 𝑇  (Figure 2b).  
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The precise tuning of such a transition function is 
important if the nematic-isotropic transient response has to 

be determined, while it is not so important if only the final 
self-deformation arising because of the temperature change is 
sought.  

Dealing with LCE materials, in general 
considered that the distribution tensor 
changes in time because of: i) the applied mechanical
deformation, and ii) the spontaneous deformation 
the nematic-isotropic transition induced by an
stimulus. The evolution of the distribution tensor 
expressed through its time rate �̇�(𝑡) 
following contributions: 

�̇�(𝑡) = �̇�𝑭(𝑡) + �̇� (𝑡) 

where the term �̇�𝑭 indicates the stress distribution tensor rate 
induced by the mechanical deformation, while 
associated with the change of the nematic order. Explicitly, 
the above rates can be evaluated as follows

�̇�𝑭(𝑡) =   𝝁( ) 
= 〈𝜑(𝑡) 𝒓 ⊗ 𝒓〉 𝑳(𝑡) = 𝑳

+[𝑳(𝑡) 𝝁(𝑡)]   

�̇� (𝑡) =   𝝁( ) 

𝑭
= 2 �̇�(𝑡) − 𝑾(𝑡)𝑸(

+𝑸(𝑡) 𝑾(𝑡)]  

where the notations  ∎| ,  ∎|𝑭 indicate the evaluation of the 
quantity ∎ at constant nematic order and at constant 
deformation, respectively, while 𝑾 = ½(

spin tensor [27]. The distribution tensor at the current time 
instant 𝑡 can be evaluated by integrating 
rates over the time interval (0, 𝑡) as 

∫ [�̇�𝑭(𝜏) + �̇� (𝜏)]𝑑𝜏. 

By assuming that the order parameter 
environmental temperature while the principal directions of 

Figure 3. Effect of the cross-link density on the actuation effectiveness of LCEs. Data from 
to be graphically represented in the same graph. The best fitting of the experimental data through the function 
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The precise tuning of such a transition function is 
isotropic transient response has to 

ned, while it is not so important if only the final 
deformation arising because of the temperature change is 

in general it must be 
considered that the distribution tensor 𝝁(𝑡) evolves and 

applied mechanical 
and ii) the spontaneous deformation induced by 
isotropic transition induced by an external 

distribution tensor can thus be 
̇  splitted into the 

(8) 

indicates the stress distribution tensor rate 
deformation, while  �̇�  is the rate 

nematic order. Explicitly, 
as follows [7,45]: 

𝑳(𝑡) 𝝁(𝑡) +

) (𝑡) +

]

(9a) 
 
 

(9b) 

indicate the evaluation of the 
at constant nematic order and at constant 

(∇�̇� − ∇�̇� ) is the 
distribution tensor at the current time 

 the above-defined 
as 𝝁(𝑡) = 𝝁(0) +

the order parameter is related to the 
principal directions of 

𝑸 do not change, the rate of the nematic order tensor 
expressed by 

�̇�(𝑡) =
�̇�(

being    �̇�(𝑡) = 𝑏�̇�(𝑡) [

with    �̇�(𝑡) =

By considering a generic deformation
deformation gradient 𝑭 taking place while the material 
undergoes a nematic order change due to a temperature 
variation, the energy density 
respect to the initial stress-free state 
is [45]: 

Δ𝛹(𝑡) = tr(𝝁(𝑡

= [tr(𝑭 𝓵 𝑭

where the affine deformation hypothesis, 
𝒓 = 𝑭𝒓 , has been adopted; Eq.
of the deformation energy of the classical rubber elasticity 
theory [39]. Since the order tensor in the spatial is r
that in the reference domain through
the distribution tensor in the current deformed configuration 
is related to the initial step length tensor as fo

𝑭𝓵 𝑭 , being 𝝁 = 𝓵 . 

3. Effect of the degree of polymerization on the 
mechanics of LCEs 

The possibility to realize 
means of LCE elements, whose respons
controlling their degree of cross
nowadays easily feasible through

link density on the actuation effectiveness of LCEs. Data from [35,52] have been considered and elaborated 
phically represented in the same graph. The best fitting of the experimental data through the function 
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do not change, the rate of the nematic order tensor �̇�(𝑡)  is 

̇ ( )
  

[3 𝒏 ⊗ 𝒏 − 𝟏]  
( )

�̇�  

(10) 

By considering a generic deformation, quantified by the 
taking place while the material 

a nematic order change due to a temperature 
variation, the energy density increment (evaluated with 

free state for which 𝛹 = 3𝜇/2), 

( (𝑡) − 𝝁 ) =  

𝑭 𝓵 𝟏) − 3]  
(11) 

the affine deformation hypothesis, expressed as 
adopted; Eq. (11) provides an extension 

the classical rubber elasticity 
. Since the order tensor in the spatial is related to 

through [32] 𝑸 = 𝐽 𝑭𝑸 𝑭 , 
the distribution tensor in the current deformed configuration 
is related to the initial step length tensor as follows: 𝝁 =

of the degree of polymerization on the 

The possibility to realize programmable actuation by 
whose responsiveness is tuned by 

ir degree of cross-linking, has become 
nowadays easily feasible through a proper setting of the 

have been considered and elaborated 
phically represented in the same graph. The best fitting of the experimental data through the function 𝜙 (𝑐 ) is also reported. 
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photo-cross-linking parameters (such as the UV light 
intensity and exposure time) – and has been recently 
demonstrated [35]. As a matter of fact, on one side tuning the 
cross-linking of the LCE matrix allows changing the phase 
transition temperature 𝑇  and on the other side affects the 
deformation capability and the stiffness of the material. The 
role played by the cross-link density on the self deformation 
capabilities of LCEs, represents an issue which depends on a 
variety of factors such as the type of mesogens, the value of 
the order parameter reached during the polymerization, the 
nature of cross-links, the polymer chemistry, etc. [35,48,49]. 

The formation of cross-links between the polymer chains 
prevents them from flowing past each other, making the 
material a solid rather than a liquid melt; however, a 
sufficiently low value of the polymerization degree still 
allows the thermal motion of the polymer chains but does not 
hinder the formation of the liquid crystal order [50], leading 
to a certain self-deformation capability. On the other hand, 
for a given nematic-transition temperature and an initial 
order parameter, a too high cross-link density may reduce the 
thermal-induced motion of the polymer chains because of the 
liquid-crystal reorder, and thus could hinder the deformation 
capacity of LCE materials. 

The physics-based understanding of the cross-link-related 
mechanical response of LCEs, allows designing the 
underneath network – leading to a so-called micro-scale 
architected material – aimed at obtaining a desired 
functionality in term of mechanical response (degree and 
pattern of deformation) obtainable out of the device being 
developed. 

As a matter of fact, it has been experimentally shown that 
the deformation capabilities of LCE, as well as other relevant 
physical properties, are affected by the degree of cross-
linking (chain density) of the network. LCE samples with 
different cross-link densities have been investigated in [48]; 
LCE samples have been pre-stretched in the isotropic state 
(𝑇 = 75°𝐶) and then – passing through the transition 
temperature – cooled-down to 𝑇 = 0°𝐶 to get an elongation 
of the sample, followed by re-heating to 𝑇 = 75°𝐶 to induce 
contraction [48]. Despite the well-known nematic-isotropic 
reversibility, hysteresis of the actuation heating-cooling 
loops was observed; irrespectively of the applied tension, the 
maximum actuation strain decreased as the cross-link density 
increased, leading to some issues in designing LCE actuators.  

According to [48], depending on the LCE’s outcome we 
are interested in – deformation capability or force actuation – 
two different aspects arise: i) the actuation can be increased 
by decreasing the cross-link density (i.e. lower cross-link 
densities enable higher deformation capacity); ii) 
correspondingly, the actuation force reduces because 
decreasing the cross-link density entails a the reduction of 
the stiffness of the material. 

For instance, it has been demonstrated that an increase of 
the amount of an acrylate cross-linker in the solution, 
provides an increase of the nematic-isotropic transition 

temperature, as well as a reduction of the strain induced in 
the material when thermally-stimulated [51]. 

The effect of using two types of cross-linking agents at 
different concentrations, with the purpose of optimizing the 
output strain and the transition temperature, has been studied 
and exploited to tune the physical properties of the LCE 
matrix [52]. LCE films made of a combination of a 
nematogen units (C411U8) with a cross-linker (TAC-4) at 
various percentages have shown an increase of the elastic 
modulus of about 4 times by tripling the amount of TAC-4 
cross-linker; moreover, an increasing of the TAC-4 cross-
linker led to a decrease of the transition temperature and of 
the strain of the sample in thermoelastic experiments [52]. 

On the other hand, by increasing the cross-linker 
concentration in LCE samples, a greater deformation has 
been obtained [53]; according to the Authors, this happens 
because a high value of the cross-linker entails a higher value 
of the order parameter due to the formation of stronger bonds 
between the polymer chains with a consequent better 
alignment of the mesogens [53]. 

A better deformation capability of main-chain (i.e. LCEs 
having the mesogen units bonded within the chains) with 
respect to side-chain LCEs has been observed in [54]. 

In the present study we are interested in modeling the 
actuation response of LCE elements by varying the cross-link 
density of the network; in particular, the reduction of the 
actuation with increasing the cross-link density will be 
considered. To this aim let us consider the actuation of a 
LCE element (quantified in terms of the deformation or the 
rotation shown by an element undergoing a temperature 
change crossing the transition temperature 𝑇 ) as the 
measure of the self-deformation effectiveness; in the 
following, we indicate with 0 ≤ 𝑓 ≤ 1 such a deformation 
intensity, where 𝑓 = 0 indicates no actuation and 𝑓 = 1 
indicates the maximum possible actuation. 

By changing the cross-link density 𝑐  of the elastomer 
from zero to the maximum value 𝑐  (for which the actuation 
does not take place because of the too strong constraint 
exerted by the highly cross-linked chains of the polymer), 
under the same stimulus the degree of actuation changes 
because of the effect of the cross-link density. We assume 
that the maximum actuation takes place when the elastomer 
has the optimal cross-link density 𝑐̅ . For cross-link densities 
lower than 𝑐̅  the actuation increases as 𝑐  increases (region 
𝐼 in Figure 3, [53]), while if 𝑐̅ ≤ 𝑐 ≤ 𝑐  the actuation 
decreases (region II in Figure 3). In order to compare the 
actuations provided by LCEs with different cross-link 

densities, a reference cross-link density 𝑐( ) is adopted for 
sake of expressing the cross-link density 𝑐  in dimensionless 
form. In Figure 3 such a behaviour is illustrated for different 
LCEs (𝑖 = 1,2,3, …) each one characterized by its own 

optimal (𝑐̅
( )) and maximum (𝑐

( )) cross-link densities. It can 
be observed that for 𝑐̅ ≤ 𝑐 ≤ 𝑐  (region II) the actuation 
effectiveness, measured through the LCE chain mobility (see 
below), decreases until the maximum cross-link density 
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suitable for the actuation to occur, 𝑐 , is attained. The 
decreasing of the chain mobility, quantified through the 
parameter 0 ≤ 𝜙 ≤ 1, is material-dependent so the different 
curves indicate the different cross-link density dependence of 
the LCEs actuation effectiveness. For sake of representing 
the curves related to different materials in the same graph, in 
Figure 3 the same value of the optimal chain concentration 
𝑐̅  has been assumed for all of them. It is worth mentioning 
that no experimental data have been found to quantitatively 
describe the cross-link actuation dependence occurring in 
region 𝐼. However, the increase of actuation due to the 
increase of cross-link density taking place in such a region is 
related to the polymer chains mobility [50]. 

From the above discussion, it appears that creating a 
specific microstructure characteristics distribution within a 
LCE element – such as the cross-link density but also the 
mesogen orientation and the corresponding gradient, the 
actuation temperature, etc. – offers the possibility to extend 
the design space of LCE elements aimed at tuning and 
adjusting the actuation capabilities arising when the nematic 
to isotropic transition occurs [21], [55]. 

This possibility is nowadays offered by modern additive 
manufacturing (AM) technologies, enabling to get a precise 
microscale arrangment of the structure of the material; to this 
end, it is worth recalling the so-called Direct Ink Writing 
(DIW) [55], [56] or the photopolymerization (SLA) 
technologies among others [57]. 

4. Micromechanics of a partially cross-linked network 

Because of the increasing constraint induced by increasing 
the cross-links existing among the network chains, it is 
reasonable to assume that the effectiveness of the mesogens 
in driving the polymer’s network from the anisotropic to the 
isotropic state could be limited. In other words, we assume 
that a fraction of the elastomer with mesogen units is 
effective in inducing the self-deformation while the 
remaining is not; from a micromechanical perspective, this 
can be seen as the case of a polymer characterized by a 
multiple network structure, i.e. by a cross-linked network 
influenced by the phase transition of the mesogen units and 
another one not involved in the transition at all. 

According to Figure 3, the effectiveness of the mesogen 
units, quantified in terms of the actuation strain, can be 
expressed as: 

𝑓(𝑐 ) =
( )

( ̅ )
=

( )
  (12) 

where 𝜀(𝑐 ) is the deformation relevant to the problem in 
turn for the actual cross-link density 𝑐 , while 𝜀(𝑐̅ ) = 𝜀  
is the corresponding maximum deformation obtained for the 
optimal cross-link density 𝑐̅  of the elastomer. The scalar 
function 𝑓 can be considered as a macroscopic measure of 
the mesogens effectiveness in inducing the deformation of 
the network. On the other hand, from a microscopic 
viewpoint, according to the experimental observations it is 

reasonable to express the mesogen self-deformation 
effectiveness 𝜙 to be related to the cross-link density 𝑐  
through the expressions: 

𝜙 (𝑐 ) =  ,           0 ≤ 𝑐 ≤ 𝑐̅   (region I) 

𝜙 (𝑐 ) = 1 −
̅

̅
,   𝑐̅ ≤ 𝑐 ≤ 𝑐   (region II) 

(13a) 
 
(13b) 

where we remind that 𝑐  is the degree of cross-link at which 
the actuation vanishes, and 𝛼  (or 𝛼 ) is a material’s 
parameter required for tuning the model (Figure 3) whose 
effect when its value increases is shown in the previous 
Figure. In other words, moving from 𝑐 ≅ 0 (correspondig to 
a purely liquid monomer for which no actuation takes place 
because the chains are not cross-linked and thus can flow 
freely past each other) up to 𝑐̅ , the actuation increases 
because the interconnections between the chains enable the 
mesogen units to orient the chains (Eq. (13a)). This aspect 
has been justified in [50], and is expected to be confirmed by 
experimental data. On the other hand, it is worth mentioning 
that all the examples illustrated in Sect. 5 refer only to region 
II where experimental data are available (see Figure 3). 

By further increasing 𝑐  beyond the optimal density 𝑐̅  up 
to 𝑐  (corresponding to no actuation at all), the self-
deformation shown by LCE decreases because of the 
progressive reduction of the chains mobility induced by the 
increasing degree of constraint existing in the network (Eq. 
13b). By assuming 𝜙 to be proportional to 𝑓, we can use the 
macroscopic deformation effectiveness, quantified by the 
scalar 𝑓, to estimate the parameters 𝑐̅ , 𝑐 , 𝛼 appearing in the 
function 𝜙. This assumption comes from the chains 
alignment driven by the mesogens: the degree of order-
disorder of the network is reasonably proportional to the 
amount of mesogen units linked to the polymer chains, i.e. to 
the cross link density, i.e. to the mesogen molecules joined to 
the network itself. When the optimal chain concentration 𝑐̅  
exists,  the network displays the maximum self deformation, 
being all the mesogens effective in modifying the chains 
orientation arrangement. When the actual chain density 
𝑐 ≠ 𝑐̅  exists in the network, only the fraction 𝜙 ≤ 1 of the 
mesogens is effective in the deformation, whose intensity is 
now 𝑓 times lower than that of the optimal cross link 
condition (see Eq. (12)).   

These aspects can be easily accounted for through the 
concept of elastomers made of multiple networks; in order to 
generalize this hypothesis, let us assume that a polymer is 
made of a series of 𝐼 = 1, … , 𝑀 non-interacting entangled 
networks, each one associated with its own chain 
concentration 𝑐 . 

Under these conditions, in the stress-free state the network 
statistics are represented by 𝑀 distribution functions 𝜑  and 
by the corresponding distribution tensors: 

𝝁 (𝒓, 𝑡 = 0) = 𝝁 (𝒓) = 〈𝜑 (𝒓) 𝒓 ⊗ 𝒓〉 ,   

𝐼 = 1, … , 𝑀  
(14) 
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whose evolution due to deformation is expressed as: 

�̇�𝑭 (𝑡) = 𝑫 𝝁𝑭 (𝑡) + 𝝁𝑭 (𝑡) 𝑫 (15) 

while the total chain concentration is given by  𝑐 =
∑ 𝑐   and the overall distribution tensor 𝝁 representing 
the entire multiple network is provided by: 

𝝁(𝑡) =   ∑ 𝑐  𝝁 (𝑡)   (16) 

By assuming that the polymer has a mass density 
independent of the chain’s cross-link density, i.e. the number 
of chains per unit volume is the same irrespectively of the 
number of cross-links per unit volume and all the networks 
are chemically identical, the chain concentration can be used 
to express the volume fraction of the network 𝐼 in the 
multiple network elastomer, i.e. 

𝑣 = =    (17) 

Since we assume that the networks are non interacting 
with each other, the elastic energy stored in the material can 
be additively decomposed as: 

Δ𝛹 = ∑ 𝑐  tr(𝝁 − 𝝁 ) +

+𝑝[det(𝑭) − 1] =  

= ∑ 𝑣  tr(𝝁 − 𝝁 ) +

+𝑝[det(𝑭) − 1]   

(18) 

The new expression of the Cauchy stress tensor follows 
directly from Eq. (5), where the distribution tensor for 
multiple networks has to be used. 

In the case of liquid crystal elastomers in which the cross-
link density effect has to be accounted for, we can adopt the 
concept of multiple network for quantifying the nematic-
isotropic driven deformation of the network. 

According to Eq. (13a), the mesogens effectiveness in the 
actuation is maximum when the cross-link density is 𝑐̅ ; 
correspondingly, the network can be reasonably assumed to 
be made of a single network containing the mesogen 
molecules, i.e. 𝑣 = 1. On the other hand, when 0 < 𝑐 <

𝑐̅  (region I) or 𝑐̅ < 𝑐 < 𝑐  (region II) the effectiveness of 
the obtainable actuation is lower, and the network can be 
assumed to be made of a double network (only from the 
mesogen orientation-induced deformation point of view): by 
focusing on region II, the effective network can be assumed 
to have concentration 𝑐 = 𝑐̅  whose effectiveness has to be 
weighted by the parameter 𝜙(𝑐 ), while the second one, with 
concentration 𝑐 = 𝑐 − 𝑐̅ , is assumed to have no self-
deformation effectiveness on the material. The splitting of 
the network in two sub-networks has been introduced only 
for the proper quantification of the deformation effectiveness 
related to the actual cross-link density, while it is not 
required – despite formally correct – to account for the 
mechanical deformation. Of course, when 𝑐 > 𝑐  the self-
deformation effectiveness of the LCE vanishes, i.e. 𝜙 = 0. 

 
Figure 4. Scheme of the double network assumption adopted for 
modelling the effect of the cross-link density on the self-
deformation capability of LCEs. The rate of the distribution tensor 
�̇� depends on the mechanical deformation (�̇�𝑭) and on the nematic-
isotropic transition due to the first network only (�̇� ). 

According to the above assumption, the sub-network 1 can 
be assumed to produce the maximum possible actuation, 
while the network 2 has no effect on the deformation due to 
the nematic-isotropic transition hindered by the too low 
(region I) or by the too high (region II) cross-link density, 
respectively. 

Thus, in order to account for the cross-link density effect 
on the self-deformation capabilities of LCEs, Eq. (8) has to 
be updated as follows (Figure 4): 

�̇�(𝑡) = �̇�𝑭(𝑡) + �̇� (𝑐 , 𝑡) =  

= �̇�𝑭 (𝑡) + �̇�𝑭 (𝑡) + 𝜙(𝑐 ) �̇� (𝑐̅ , 𝑡)  
(19) 

where the contribution of the second network to the nematic-
isotropic-driven deformation, has been neglected being 
unable to produce any actuation, i.e. �̇� (𝑐 , 𝑡) = 0. 

The above-described micromechanical approach, properly 
implemented into a finite element (FE) framework (see [45] 
for more details), is hereafter employed to simulate the 
actuation induced by the self-deformation shown by LCE 
elements under a temperature change. 

5. Numerical simulations and discussion 

5.1 Simulation of an experimental test 

In this section, we compare the results provided by the 
present micromechanical model with an experimental case 
reported in [52]. The uniaxial contraction of a single layer 
LCE element, obtained with different cross-linker content 
during a thermoelastic experiment by heating the material 
above the 𝑇 , is studied. We analyze three different LCE 
strips whose matrix has been prepared by combining 
nematogen units (C411U8) with a cross-linker (TAC-4) at 
three different percentages, leading to different values of the 
material’s Young’s modulus that has been assumed 
according to [52] to be 𝐸( ) = 3 MPa, 𝐸( ) = 8.5 MPa and 
𝐸( ) = 14.5 MPa corresponding to 5; 10; 15 % mol content 
of TAC-4 cross-linker, respectively. 

From the above mentioned Young’s modulus values, the 

corresponding chain concentrations 𝑐
( ), 𝑐

( ) and 𝑐
( ) have 

been evaluated through the standard rubber elasticity 

relationship (see Sect. 2.1) 𝑐
  ( )

= 𝜇( )𝑘 𝑇 with 𝑖 = 𝐴, 𝐵, 𝐶, 
see Figure 5. In the numerical model, we simulate a LCE 
monodomain strip with initial order parameter 𝑄 = 0.5 
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having the mesogen units aligned with the horizontal 
direction in order to provide a contraction of the sample 
when heated above the transition temperature 
while the parameter governing the phase transition has been 
assumed to be 𝑐 = 8. Since we consider the maximum 
actuation achievable after the nematic-isotropic transitio
took place (i.e. at 𝑇 ≫ 𝑇 ), the exact 
dependence on the cross-linker content, as emphasized in 
[52], is neglected. 

 

Figure 5. Actuation strain (contraction) vs chain concentration for a 
fixed optimal cross-link density (𝑐̅ ) and different maximum chain 

concentrations (𝑐( ), 𝑖 = 1, … ,5). Comparison with the experimental 
data from [52] is reported. 

We assume the material to be in region 
with the optimal cross-link density 𝑐̅  corresponding to the 
optimal shear modulus �̅� = 1 MPa, while the parameter 
in Eq. (13a) has been assumed to be 0.65. Since the value of 
the maximum cross-link density 𝑐  hindering the self
deformation is not known, for each of the three investigated 

Figure 6. Deformed shapes of the LCE bi-layer element (middle line) at two different temperatures (

the bottom surface. Different top to bottom layer cross

of the lower layer 𝑐( ) corresponding to a soft (A) and very soft material (B) is considered.
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the mesogen units aligned with the horizontal 
a contraction of the sample 

when heated above the transition temperature 𝑇 = 65 °𝐶, 
while the parameter governing the phase transition has been 

. Since we consider the maximum 
isotropic transition 

), the exact 𝑇  value and its 
linker content, as emphasized in 

 
ation strain (contraction) vs chain concentration for a 

different maximum chain 

). Comparison with the experimental 

We assume the material to be in region 𝐼𝐼 (see Fig. 3), 
corresponding to the 

, while the parameter 𝛼  
. Since the value of 

hindering the self-
or each of the three investigated 

materials we consider five different values of such a cross

link density, namely 𝑐
 ( ), 𝑐

 (

Figure 5), whose values have been determined by assuming 

the following values of the shear modulus 

𝜇
 ( )

= 5 MPa, 𝜇
 ( )

= 6 MPa, 
20 MPa, evaluated through the
density-shear modulus relationship
numerical simulations are reported
experimental data are also shown; it appears that
of 𝑐  decreases, the contraction deformation reduces in the 

considered range of cross-link densities, 

observed that the maximum cross
that best fits the experimental results. 

It is important to emphasize that when 
the mesogen effectiveness disappears and no deformation 
takes place in the material; this is the case of

characterized by the smallest 
response is represented by empty triangles in 
bottom right portion of the curve 
cross-link density in such a region overcome

cross-link density 𝑐  ( ) of the material.

 

5.2 Bi-layer LCE beam with different chain 
concentrations 

In this section we numerically 
deformation shown by a bi
superposed connected layers with identical thickness

one with its own cross-link concentrations

layer and 𝑐( ) in the upper layer
By applying a temperature rate 

temperature of the bottom surface of the lower layer is made 
to increased from the room temperature 
𝑇 = 150 °C. 

The temperature evolution within the 
determined by solving the heat conduction problem in the 
domain occupied by the material 

ca
(1)

layer element (middle line) at two different temperatures (𝑇 /𝑇

the bottom surface. Different top to bottom layer cross-link density ratios 𝑐( )
/𝑐

( )
= 1.00, … ,2.50 are assumed. The cross

corresponding to a soft (A) and very soft material (B) is considered. 

 R Brighenti et al  

  

five different values of such a cross-
), 𝑐

 ( ), 𝑐
 ( ) and 𝑐

 ( ) (see 
), whose values have been determined by assuming 

the following values of the shear modulus 𝜇
 ( )

= 3 MPa, 

, 𝜇
 ( )

= 10 MPa and 𝜇
 ( )

=

the above-mentioned cross-link 
relationship. The results of the 

numerical simulations are reported in Figure 5 where the 
experimental data are also shown; it appears that, if the value 

the contraction deformation reduces in the 

link densities, 𝑐( )
− 𝑐

( ). It can be 

observed that the maximum cross-link density 𝑐  ( ) is the one 
that best fits the experimental results.  

that when 𝑐  is greater than 𝑐  
the mesogen effectiveness disappears and no deformation 
takes place in the material; this is the case of the material 

characterized by the smallest 𝑐 , namely 𝑐
 ( ), whose 

response is represented by empty triangles in Figure 5: the 
bottom right portion of the curve goes to zero because the 

link density in such a region overcomes the maximum 

of the material. 

beam with different chain 

numerically simulate the self-
deformation shown by a bi-layer plate made of two 

with identical thickness, each 

link concentrations, 𝑐
( ) in the lower 

layer. 
By applying a temperature rate �̇� = 2.083 °C s , the 

temperature of the bottom surface of the lower layer is made 
to increased from the room temperature 𝑇 = 25 °C up to 

The temperature evolution within the element is 
determined by solving the heat conduction problem in the 

occupied by the material whose thermal conductivity 

𝑇 = 0.75, a; 𝑇 /𝑇 = 2, b) of 

are assumed. The cross-link density 
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and specific heat are assumed to be 𝜅 =0.8 W/mK and 
𝐶 =1050 J/Kg K, respectively, while the geometric sizes of 
the bi-layer cantilever beam, restrained along the edge 
marked with  in Figure 6, are 𝐿 = 8 mm, ℎ = 𝑡 =

0.5 mm (Figure 6). 
In order to exclude further deformations not related to the 

phase change of the LCE, the thermal expansion of the 
material is assumed to be negligible in the temperature range 
considered.  

Unless differently stated, for all the LCE parts we assume 
the nematic-isotropic transition temperature to occur at 
𝑇 = 50 °C, while the parameters describing the transition 
from the initial nematic (the mesogens are assumed to be 
initially aligned with the horizontal direction) to the final 
isotropic state are assumed to be 𝑄 = 0.3 and 𝑐 = 20 (see 
the expression for the function 𝑔(𝑇), Sect. 2.2). The chain 

concentrations of the double network, expressed through the 
corresponding shear moduli �̅� , 𝜇 , are as follows: �̅� =

𝑐̅  𝑘  𝑇 = 0.4 MPa, 𝜇 = 𝑐  𝑘  𝑇 = 6 MPa while the 
exponent in Eq.(13a) has been adopted to be 𝛼 = 2. 
In Figure 6, the deformed pattern of the middle plane of the 
bi-layer element is shown for two dimensionless 

temperatures of the bottom surface, namely 𝑇 /𝑇 = 0.75 
(Figure 6a) and 𝑇 /𝑇 = 2.0 (Figure 6b) by varying the 

relative cross-link density, 𝑐
( )

/𝑐
( ), of the composing 

layers. In this figure as well as in the following, geometrical 
quantities are plotted by using the dimensionless coordinates 
𝑥/𝐿 and 𝑦/ℎ, where 𝑥 and 𝑦 represent the current ones, i.e. 
evaluated in the deformed configurationt (see the adopted 
frame of reference in Figure 6b). The greater the difference 
of the cross-link density of the two layers, the larger the 
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Figure 8. Deformed pattern of the middle line of the LCE bi-layer element for two different bottom to top chain concentration ratios 

𝑐
( )

/𝑐
( ) (1.25, a; 2.5, b) and various layer thickness ratios, ℎ( )/ℎ = 0.5, 0.8, 0.9 (ℎ( )/ℎ = 0.5, 0.2, 0.1) for a temperature of the bottom 

surface of the element equal to 𝑇 /𝑇 = 2. 

Figure 7. Deformed shapes of the bi-layer LCE element and corresponding dimensionless order parameter fields, by adopting different 

cross-link density ratios 𝑐( )
/𝑐

( ) (bottom to top value ratio) of the two constituting layers for three different temperatures of the bottom 

surface. Specifically, the results displayed are referred to 𝑐
( )

/𝑐
( )

= 1.04 (a,b,c) and 𝑐
( )

/𝑐
( )

= 2.50 (d,e,f) for the three considered 
temperatures, respectively, namely 𝑇 /𝑇 = 0.5; 0.75; 2. The undeformed configurations are reported in grey colour. 
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bending actuation shown by the plate; when 𝑐
( )

/𝑐
( )

= 1 
the element shows a simple contraction without any bending 
actuation. In Figure 7 the deformed shapes of the LCE 
element with the corresponding values of the relative order 

parameter field, 𝑄(𝑇)/𝑄 , for 𝑐
( )

 /𝑐
( )

= 1.04 (left 

column) and 𝑐( )
 /𝑐

( )
= 2.50 (right column) are displayed.  

5.3 Bi-layer LCE beam with different layers’ thickness 

In this second parametric example, we consider the 
actuation shown by a bi-layer LCE element (the same 
boundary conditions assumed in the previous example are 
considered) whose constituent layers have different 
thicknesses and different chain concentrations. 

The bottom to top cross-link density ratio is assumed to be 

equal to 𝑐
( )

/𝑐
( )

= 1.25 and 2.5, while their relative 
thickness ratio is assumed to be equal to ℎ( )/ℎ =

0.5;  0.8;  0.9 (Figure 8). It can be appreciated that the 
bending actuation increases as much as the layers thickness 
tends to be identical, while a large relative thickness ratio is 
not effective in producing actuation. 

In the limit case of a very large value of the ℎ( )/ℎ( ) 
ratio, the deformed shape tends to that of a single layer as 
shown in Figure 9e (simple contraction). 

As occurred in the previous parametric example, due 
to the small size of the element, for a fixed relative 

thickness ratio, a higher chain concentration ratio 

𝑐
( )

/𝑐
( ) enables a larger bending actuation (see Figure 8a, 

b). 
Finally, in Figure 9 the deformed shapes of the element 

for two thickness ratios are displayed, while the filling colour 
quantifies the relative order parameter 𝑄(𝑇)/

𝑄  corresponding to the dimensionless temperature 𝑇 /

𝑇  assigned at the bottom edge of the elemen; it is worth 
noticing that, due to the small size of the element, the 
temperature field is almost constant within its domain so the 
order parameter is uniform throughout the plate. 

5.4 LCE beam with graded cross-link density 

The actuation of a cantilever beam having a graded 
distribution of the cross-link density, is considered hereafter. 
The main parameters involved in the simulations are the 
same used in the previous examples; however, the beam is 
now assumed to have a fixed cross-link density at its top 
edge, 𝑐 ( ) = 𝑐̅ , while the cross-link density varies linearly 
through the thickness of the element, up to the maximum 
value reached at the bottom edge where it assumes the value 
𝑐 ( ) = 𝛼 𝑐̅  (2.5 ≤ 𝛼 ≤ 10), being 𝑐̅  the cross-link density 
corresponding to the shear modulus �̅� = 0.4 𝑀𝑃𝑎; the cross-
link density gradient parameter is thus defined as 𝜅 = (𝛼 −

1)/ℎ. The mesogen units are assumed to be initially aligned 
with the 𝑋-direction, while the initial order parameter has 
been assumed to be equal to 𝑄 = 0.3 (Figure 10). 

A greater chain density gradient produces a more 
pronounced self-deformation actuation of the element, with 
an increase of the actuation amplitude up to four times by 
amplifying the cross-link density gradient parameter from 

𝜅 = (𝛼 − 1)/ℎ = 1.5/ℎ up to  𝜅 = 9/ℎ. 
It can be appreciated that creating a graded cross-link 

density distribution across the thickness – nowadays easily 
obtainable by modern 3D printing technologies – can be used 
to encode the morphing capabilities of the element into the 
material’s microstructure. 
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Figure 9. Deformed shapes of the LCE bi-layer element with different layer thickness ratios ℎ( )/ℎ( ) (equal to 2 and 4) and different cross-

link density ratios 𝑐( )
 /𝑐

( ) with the corresponding dimensionless order parameter field. The two cases with ℎ( )/ℎ( ) = 4 (left column, a, 
b, c) and ℎ( )/ℎ( ) = 9 (right column, d, e, f) are displayed for three different temperatures of the lower edge of the element, 𝑇 /𝑇 = 0.5, 
1.25, 2.5. The undeformed configurations are reported in grey colour. 
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6. Conclusions 

Liquid crystalline elastomers (LCEs) are intriguing 
polymers for making elements showing a large reversible 
self-deformation, when properly stimulated by environmental 
stimuli, thanks to the nematic to isotropic transition taking 
place in their molecular network. In LCEs, the amount of the 
deformation arising when the nematic-isotropic transition 
takes place (as occurs in temperature responsive LCEs when 
the transition temperature is overcome) strongly depends on 
the kind of the mesogen molecules, the way they are 
connected to the polymer network (side-chain or main-
chain), and the cross-linking degree. 

In particular, we have here considered the influence of the 
cross-link density, a property that can be nowadays easily 
controlled by using additive manufacturing (AM) 
technologies, on the actuation capabilities of LCEs. In the 
liquid state, corresponding to a purely monomer melt, LCE 
units are reciprocally disconnected and no self-deformation 
capability exists; by increasing the chain density, the 

actuation effectiveness increases until an optimal cross-link 

density, for which the actuation is maximum, is reached. By 
further increasing the cross-link density, the actuation 
decreases until a maximum cross-link density, at which no 
self-deformation takes place because of the excessive 
constraints existing among the network chains.  

A theoretical micromechanical-based approach has been 
proposed and implemented into a FE computational 
framework for the simulation of LCE elements by accounting 
for the role played by the cross-link density. It has been 
shown that tuning the cross-link density allows obtaining a 
molecular-scale architected material capable of providing 
tunable deformation functionalities, according to the smart 
material application field of interest. This way of encoding 
the responsiveness by operating at the molecular level, is of 
particular interest in small scale applications; this is made 
possible, for instance, by the advanced photopolymerization 
technique, widely used in AM production of polymers, 
thanks to its simplicity and high resolution, allowing to 
overcome the dimensional scale limitations of other 
production approaches. 
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Figure 10. Functionally graded beam with chain concentration gradient used for tuning the shape morphing. The dimensionless chain 

concentration varies linearly from 𝑐̅  at the top edge up to the maximum value 𝛼 𝑐̅  at the bottom edge (a).  Deformed pattern of the 
middle line of the LCE for different values of the parameter 𝛼 at 𝑇 /𝑇 = 2 (b).  Deformed shapes of the LCE graded element with 

different chain concentration gradients 𝜅 for two different temperatures of the lower edge of the element, 𝑇 /𝑇 = 0.5, 2. The 

undeformed configurations are reported in grey colour (c). 



Journal Smart Materials and Structures (XXXX) XXXXXX R Brighenti et al  

 14  

Conflicts of interest 
There are no conflicts to declare 

Acknowledgements 
The authors gratefully acknowledge the support from 

European Union's Horizon 2020 research and innovation 
program (H2020-WIDESPREAD-2018, SIRAMM), under 
grant agreement No 857124. 

References 
[1]  Stuart M A C, Huck W T S, Genzer J, Müller M, Ober 

C, Stamm M, Sukhorukov G B, Szleifer I, Tsukruk V 
V, Urban M, Winnik F, Zauscher S, Luzinov I and 
Minko S 2010 Emerging applications of stimuli-
responsive polymer materials Nature Materials 9 101–
13 

[2]  Roy D, Cambre J N and Sumerlin B S 2010 Future 
perspectives and recent advances in stimuli-responsive 
materials Progress in Polymer Science 35 278–301 

[3]  Ramadan K S, Sameoto D and Evoy S 2014 A review 
of piezoelectric polymers as functional materials for 
electromechanical transducers Smart Materials and 
Structures 23 033001 

[4]  Petsch S, Khatri B, Schuhladen S, Köbele L, Rix R, 
Zentel R and Zappe H 2016 Muscular MEMS—the 
engineering of liquid crystal elastomer actuators Smart 
Materials and Structures 25 085010 

[5]  Ionov L 2010 Actively-moving materials based on 
stimuli-responsive polymers J. Mater. Chem. 20 3382–
90 

[6]  Cabane E, Zhang X, Langowska K, Palivan C G and 
Meier W 2012 Stimuli-responsive polymers and their 
applications in nanomedicine. Biointerphases 7 9 

[7]  Brighenti R, Li Y and Vernerey F J 2020 Smart 
polymers for advanced applications: a mechanical 
perspective review Frontiers in Materials 7 196 

[8]  Brighenti R and Cosma M P 2020 Swelling 
mechanism in smart polymers responsive to mechano-
chemical stimuli Journal of the Mechanics and Physics 
of Solids 143 104011 

[9]  McGarry C K, Grattan L J, Ivory A M, Leek F, Liney 
G P, Liu Y, Miloro P, Rai R, Robinson A, Shih A J, 
Zeqiri B and Clark C H 2020 Tissue mimicking 
materials for imaging and therapy phantoms: a review 
Physics in Medicine & Biology 

[10]  Chan J M and Wang M 2020 Toward Artificial 
Tissues That Are Both Soft and Firm ACS Cent. Sci. 6 
339–41 

[11]  Woltman S J, Jay G D and Crawford G P 2007 Liquid 
Crystals: Frontiers in Biomedical Applications 
(WORLD SCIENTIFIC) 

[12]  White T J and Broer D J 2015 Programmable and 
adaptive mechanics with liquid crystal polymer 
networks and elastomers Nature Materials 14 1087–98 

[13]  Shahsavan H, Yu L, Jákli A and Zhao B 2017 Smart 
biomimetic micro/nanostructures based on liquid 
crystal elastomers and networks Soft Matter 13 8006–
22 

[14]  Brighenti R, Menzel A and Vernerey F J 2018 A 
physics-based micromechanical model for 
electroactive viscoelastic polymers Journal of 
Intelligent Material Systems and Structures 29 2902–
18 

[15]  Leronni A and Bardella L 2021 Modeling actuation 
and sensing in ionic polymer metal composites by 
electrochemo-poromechanics Journal of the 
Mechanics and Physics of Solids 148 104292 

[16]  Oliver K, Seddon A and Trask R S 2016 Morphing in 
nature and beyond: a review of natural and synthetic 
shape-changing materials and mechanisms Journal of 
Materials Science 51 10663–89 

[17]  Yu Y and Ikeda T 2006 Soft Actuators Based on 
Liquid-Crystalline Elastomers Angewandte Chemie 
International Edition 45 5416–8 

[18]  Shang Y, Wang J, Ikeda T and Jiang L 2019 Bio-
inspired liquid crystal actuator materials J. Mater. 
Chem. C 7 3413–28 

[19]  Ahn C, Liang X and Cai S 2015 Inhomogeneous 
stretch induced patterning of molecular orientation in 
liquid crystal elastomers Extreme Mechanics Letters 5 
30–6 

[20]  Jiang H, Li C and Huang X 2013 Actuators based on 
liquid crystalline elastomer materials Nanoscale 5 
5225–40 

[21]  Kotikian A, Truby R L, Boley J W, White T J and 
Lewis J A 2018 3D Printing of Liquid Crystal 
Elastomeric Actuators with Spatially Programed 
Nematic Order Advanced Materials 30 1706164 

[22]  Gantenbein S, Masania K, Woigk W, Sesseg J P W, 
Tervoort T A and Studart A R 2018 Three-dimensional 
printing of hierarchical liquid-crystal-polymer 
structures Nature 561 226–30 

[23]  Wang Z, Wang Z, Zheng Y, He Q, Wang Y and Cai S 
2020 Three-dimensional printing of functionally 
graded liquid crystal elastomer Science Advances 6 

[24]  Ceamanos L, Kahveci Z, López-Valdeolivas M, Liu 
D, Broer D J and Sánchez-Somolinos C 2020 Four-
Dimensional Printed Liquid Crystalline Elastomer 
Actuators with Fast Photoinduced Mechanical 
Response toward Light-Driven Robotic Functions ACS 
Appl. Mater. Interfaces 12 44195–204 

[25]  Barnes M and Verduzco R 2019 Direct shape 
programming of liquid crystal elastomers Soft Matter 
15 870–9 



Journal Smart Materials and Structures (XXXX) XXXXXX R Brighenti et al 

 15  

[26]  Zhu W, Shelley M and Palffy-Muhoray P 2011 
Modeling and simulation of liquid-crystal elastomers 
Phys. Rev. E 83 051703 

[27]  Zhang Y, Xuan C, Jiang Y and Huo Y 2019 
Continuum mechanical modeling of liquid crystal 
elastomers as dissipative ordered solids Journal of the 
Mechanics and Physics of Solids 126 285–303 

[28]  Ericksen J L 1962 Hydrostatic theory of liquid 
crystals Archive for Rational Mechanics and Analysis 
9 371–8 

[29]  Agostiniani V and DeSimone A 2020 Rigorous 
derivation of active plate models for thin sheets of 
nematic elastomers Mathematics and Mechanics of 
Solids 25 1804–30 

[30]  Kuenstler A S, Chen Y, Bui P, Kim H, DeSimone A, 
Jin L and Hayward R C 2020 Blueprinting 
Photothermal Shape-Morphing of Liquid Crystal 
Elastomers Advanced Materials 32 2000609 

[31]  Bladon P, Terentjev E and Warner M 1994 
Deformation–induced orientational transitions in liquid 
crystals elastomer Journal de Physique II 4 75–91 

[32]  Warner M and Terentjev E M 2007 Liquid crystal 
elastomers vol 120 (Oxford University Press) 

[33]  Warner M, Gelling K P and Vilgis T A 1988 Theory 
of nematic networks The Journal of Chemical Physics 
88 4008–13 

[34]  Bladon P, Terentjev E M and Warner M 1993 
Transitions and instabilities in liquid crystal elastomers 
Phys. Rev. E 47 R3838–40 

[35]  Xiao Y-Y, Jiang Z-C, Hou J-B and Zhao Y 2021 
Desynchronized liquid crystalline network actuators 
with deformation reversal capability Nature 
Communications 12 624 

[36]  Flory P J and Rehner J 1943 Statistical mechanics of 
cross-linked polymer networks I. Rubberlike elasticity 
The Journal of Chemical Physics 11 512–20 

[37]  Treloar L R G 1946 The elasticity of a network of 
long-chain molecules.—III Trans. Faraday Soc. 42 
83–94 

[38]  Wang M C and Guth E 1952 Statistical theory of 
networks of non-Gaussian flexible chains The Journal 
of Chemical Physics 20 1144–57 

[39]  Doi M 1996 Introduction to polymer physics (Oxford 
University Press) 

[40]  Treloar L R G 1943 The elasticity of a network of 
long-chain molecules. I Trans. Faraday Soc. 39 36–41 

[41]  Frank F C 1958 I. Liquid crystals. On the theory of 
liquid crystals Discuss. Faraday Soc. 25 19–28 

[42]  Vernerey F J, Long R and Brighenti R 2017 A 
statistically-based continuum theory for polymers with 
transient networks Journal of the Mechanics and 
Physics of Solids 107 1–20 

[43]  Cortes D H and Elliott D M 2016 Modeling of 
Collagenous Tissues Using Distributed Fiber 
Orientations Structure-Based Mechanics of Tissues 
and Organs ed G S Kassab and M S Sacks (Boston, 
MA: Springer US) pp 15–39 

[44]  Oseen C W 1933 The theory of liquid crystals Trans. 
Faraday Soc. 29 883–99 

[45]  Brighenti R, McMahan C G, Cosma M P, Kotikian A, 
Lewis J A and Daraio C 2021 A micromechanical-
based model of stimulus responsive liquid crystal 
elastomers International Journal of Solids and 
Structures 219–220 92–105 

[46]  De Gennes P-G and Prost J 1993 The physics of liquid 
crystals vol 83 (Oxford university press) 

[47]  Clarke S M, Hotta A, Tajbakhsh A R and Terentjev E 
M 2001 Effect of crosslinker geometry on equilibrium 
thermal and mechanical properties of  nematic 
elastomers. Phys Rev E Stat Nonlin Soft Matter Phys 
64 061702 

[48]  Burke K A, Rousseau I A and Mather P T 2014 
Reversible actuation in main-chain liquid crystalline 
elastomers with varying crosslink densities Polymer 55 
5897–907 

[49]  Küpfer J, Nishikawa E and Finkelmann H 1994 
Densely crosslinked liquid single-crystal elastomers 
Polymers for Advanced Technologies 5 110–5 

[50]  Biggins J S, Warner M and Bhattacharya K 2012 
Elasticity of polydomain liquid crystal elastomers 
Journal of the Mechanics and Physics of Solids 60 
573–90 

[51]  Ware T H, Perry Z P, Middleton C M, Iacono S T and 
White T J 2015 Programmable Liquid Crystal 
Elastomers Prepared by Thiol–Ene 
Photopolymerization ACS Macro Lett. 4 942–6 

[52]  Spillmann C M, Naciri J, Chen M-S, Srinivasan A and 
Ratna B R 2006 Tuning the physical properties of a 
nematic liquid crystal elastomer actuator Liquid 
Crystals 33 373–80 

[53]  Yusuf Y 2017 Influence of Cross-Linker 
Concentration on Physical Properties of Main-Chain 
Liquid Crystalline Elastomers Materials Research 20 
1541–7 

[54]  Wermter H and Finkelmann H 2001 Liquid crystalline 
elastomers as artificial muscles e-Polymers 1 

[55]  Saed M O, Ambulo C P, Kim H, De R, Raval V, 
Searles K, Siddiqui D A, Cue J M O, Stefan M C, 
Shankar M R and Ware T H 2019 Molecularly-
Engineered, 4D-Printed Liquid Crystal Elastomer 
Actuators Advanced Functional Materials 29 1806412 

[56]  Zhang C, Lu X, Fei G, Wang Z, Xia H and Zhao Y 
2019 4D Printing of a Liquid Crystal Elastomer with a 
Controllable Orientation Gradient ACS Appl. Mater. 
Interfaces 11 44774–82 



Journal Smart Materials and Structures (XXXX) XXXXXX R Brighenti et al  

 16  

[57]  Brighenti R and Cosma M P 2021 Mechanical 
behavior of photopolymerized materials Journal of the 
Mechanics and Physics of Solids 153 104456 

 

 


