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A B S T R A C T   

Liquid crystal elastomers (LCE) are elastomeric materials possessing a network microstructure made of chains 
with a preferential orientation, induced by mesogen units embedded in the material prior to polymerization. This 
peculiarity can be harnessed to induce deformation of a LCE element by making its network to switch from the 
preferentially oriented nematic state to the isotropic one, as occurs for instance by rising the temperature above 
the transition value characteristic of the material. This mechanism can be combined with an architected 
arrangement of LCE blocks whose nematic orientation and transition temperature are properly differentiated 
among the different zones constituting the element. In this way, a controlled morphing can be obtained out of an 
architected elastomer made of LCE portions (ALCE), leading to a morphing structure whose deformation can be 
activated and precisely tuned by heating up or cooling down the material. In this research, we investigate 
architected LCE elements showing the capability of producing a variety of deformed shapes. A micromechanical 
theoretical model for LCE is firstly illustrated and several examples of morphing of architected LCE elements, 
whose mechanical response is obtained through finite element (FE) numerical analyses based on the proposed 
micromechanical model, are illustrated and critically discussed.   

1. Introduction 

To date, the possibility to produce materials showing particular 
intriguing properties, such as the controllable responsiveness to external 
stimuli or actions, has stimulated a huge research efforts, especially in 
the field of small-scale technological applications [1,2]. In this context, 
the capability of stimuli responsive materials of exhibiting large de-
formations leading to a noticeable shape change when properly stimu-
lated (the so-called morphing), offers the potentiality to fabricate smart 
devices (nowadays also enabled by the available 3D printing technolo-
gies [3]), providing new attractive functionalities. These shape-change 
capabilities have been exploited, for instance, in soft robots where 
complex motions and shape-change (exploited to obtain bending, 
twisting and extension) are provided by the material structure itself, 
leading to a system with an unlimited number of degree of freedoms, 
without the need of an external tethered control as typically occurs for 
standard robots [4]. 

Several examples of controlled structural shape morphing, i.e. of 
structures that change shape in a controlled manner, can be found in the 
literature; for instance, some modular self-reconfigurable robots can 

morph from a snake-like structure into a quadruped walker or vice versa, 
thus allowing the robot to move through a narrow space to accomplish 
its tasks [5]. In nature, the complex motion of soft muscular structures 
can be achieved by a synergic actuation of many simple contractile el-
ements , spatially and functionally properly arranged [6]. The morphing 
capability has also been obtained by harnessing the tensegrity concept 
through a modular design, coupling elastomeric cables, made of mem-
ory polymers, with strut elements, [7]. Morphing has also been obtained 
by exploiting differential surface wetting in soft structures or by 
assembling materials with different fluid diffusion length scales [8]. 
Residual stresses induced by some polymerization processes, such as the 
so-called photopolymerization, have shown the capability to provide 
structures with shape morphing characteristics, enabled by the 
shrinkage and distortion induced by a non-uniform laser exposure dur-
ing the production process [9]. Finally, it is worth mentioning that 
morphing capabilities have also been obtained within the field of 
origami and kirigami functional materials [10,11]. 

Among the materials and structures enabling shape morphing, liquid 
crystal elastomers (LCEs) represent a charming class of responsive 
polymers that combine mechanical properties of both fluids and solids 
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[12–18]. In this context, experimental researches have shown the pos-
sibility to obtain shape programmable actuators through 3D printed 
structures with a controlled molecular order [19–21]. 

LCE materials exhibit large and reversible deformations when 
properly stimulated by environmental inputs; if we zoom into their 
microstructure, a spontaneous order of the chain network inferred by 
the molecular structure of liquid crystals (LCs) can be observed in some 
conditions (nematic state), while in other conditions they exhibit a 
disordered configuration, typical of standard polymeric matrices 
(isotropic state). Being the ordered-disordered transition phenomenon 
(nematic to isotropic) accompanied by large and reversibile de-
formations of the network, this class of material has been recognized to 
be particularly attractive for actuation and morphing [22]. As a matter 
of fact, the ordered-disordered transition of LCEs is usually triggered by 
heat or light (Fig. 1), leading to – when LCE mesostructure is properly 
architected – a responsive morphing material or device suitable for 
actuation. 

The so-called nematic order is usually quantified through the order 
tensor describing the alignment of the mesogen units at the microscopic 
scale [15]. 

Depending on the type of LCE in turn, the variation of the nematic 
order can be induced by different triggering stimuli, ranging from heat, 
UV-light, electric or magnetic field [23–25]. 

For instance, the irradiation of the material with UV-light (photo- 
actuation mechanism), modifies the chain network arrangement (order- 
disruption) when the LCE material contains molecular units undergoing 
isomerization (such as the trans-cis chemical transformation taking 
place in azobenzene-based LCEs). On the other hand, the nematic- 
isotropic switching can be obtained by directly heating the material in 
which temperature-sensible mesogens have been embedded [26] 
(thermal actuation), or, indirectly, by light irradiation of LCEs doped 
with photo-thermal agents (such as gold nanoparticles, carbon nano-
tubes, graphene, etc.), leading to the photo-thermal actuation [27–30]. 

By harnessing the deformation capabilities of LCEs and by taking 
inspiration from the so-called metamaterials – whose properties come 
from the arrangement of their building blocks rather than from their 
mechanical properties [31,32] – we investigate the tunability of the 
responsiveness of a class of metamaterials, obtained by properly arran-
ging LCE blocks, capable of showing a wide variety of controllable shape 
morphing induced by a temperature change. In the following, we refer to 
the above-mentioned elements as architected liquid crystal elastomers 
(ALCEs). By analogy with deformations occurring in nature for loco-
motion or peristaltic motion, we demonstrate the possibility to realize 
structural elements whose deformed shapes resemble that observed in 
several natural phenomena, which can be precisely controlled by 
changing the relevant environmental stimulus. 

For this purpose, we introduce a theoretical model that, through a 
statistical-based description of the network chains arrangement, leads to 
a micromechanical model suitable to describe the mechanical response 
of polymers possessing a nematic order pattern characterized by 
different transition temperatures. 

In the literature, various models have been proposed to predict the 
shape produced by changing the mesogens alignment in LCEs, allowing 
the inverse problem of designing the alignment patterns for prescribed 
morphing shapes to be obtained. Theoretical models based on the 
relationship between the orientation of the mesogen units in thin sheets 
or in simple bilayers and the corresponding arising curvature have been 
developed [33,34]. 

A stretch–temperature relation has been implemented into a FE 
(finite element) approach to model the shape morphing of LCEs; this 
approach has been used in [36] where experimental tests related to the 
photothermal light-induced shape-morphing of LCEs with a proper 
spatial pattern of gold nanoparticles concentration has been simulated. 

In the present approach, we follow a different route: the variation of 
the statistical distribution of the polymer chains driven by the mesogens 
arrangement change (depending on the local temperature of the LCEs 
and, if it is the case, on the mechanical stress applied), is used to 
determine the local stress and deformation states of the material. No 
structural models have been introduced (such as the assumption typi-
cally made for thin plates, membrane or bilayer structural elements); 
from this viewpoint the proposed approach is suitable to model any 
arrangement of LCEs patterns with different mesogen orientation and/or 
transition temperature. The parameters involved in the model have a 
clear physical meaning and they can be easily related to the synthesis 
process of the material; the proposed approach is thus suitable to assess 
the obtainable shape morphing before fabricating the architected LCE 
element. 

The proposed micromechanical model is then upscaled at the con-
tinuum level and implemented within a FE framework for the simulation 
of real case elements. 

Various arrangements of LCE blocks – characterized by different 
nematic orders and, eventually, by different transition temperatures – 
are considered. Their shape morphing capabilities are quantitatively 
simulated through numerical analyses. It is shown how, by properly 
tuning some properties of the material at the mesoscale level (such as the 
arrangement of the constituent blocks of ALCEs or, more intriguingly, 
their transition temperature), a controlled shape-morphing can be ach-
ieved. Although the inverse problem of designing a specific pattern of 
mesogens suitable to obtain a prescribed shape-morphing is not a goal of 
the present work, the developed model is exploited for quantitatively 
illustrating how vast can be the obtainable responsiveness of a simple 
structural beam-like element. 

From this perspective, this study provides an insight into the limitless 
possibilities to obtain the desired conformation from properly designed 
architected LCEs. 

The paper is organized as follows: Sect. 2 deals with the mechanics of 
stimulus-responsive LCEs. Sect. 3 discusses the basic idea of ALCEs 
presenting a brief parallelism with bio-inspired structures. Numerical 
simulations devoted to predict the responsiveness of ALCEs are pre-
sented in Sect. 4 and, finally, Sect. 5 outlines some conclusions and 
future perspectives. 

2. Mechanical behavior of stimulus-responsive LCE 

2.1. Statistical based description of a polymer network 

Standard polymer network consists of an amorphous arrangement of 
entangled linear chains – each one assumed to be made of N rigid 
(Khun’s) segments of equal length b, arranged in space according to the 
random-walk theory – whose physical state, according to the Freely- 
Join-Chain (FJC) assumption, depends only on the so called end-to- 
end vector r [15,37]. The chains are linked together at discrete points, 
termed as cross-links, forming the network. The chains arrangement in 
the 3D space, quantified by the statistical distribution ρ0(r) of the 
end-to-end vectors r, allows us to determine the mechanical state of the 
polymer [37]. In the stress-free state, the distribution of the end-to-end 
vectors is usually assumed to follow the standard 3D Gaussian 

Fig. 1. Scheme of the ordered-disordered transition (i.e. from the nematic to 
the isotropic state) in a LCE element. 
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distribution, i.e. ρ0(r) = caφ0(r), being ca the number of mechanically 
active chains (i.e. chains joined to the network at both extremities), and 

φ0 the normalized Gaussian distribution function, φ0(|r|) =

(
3

2πNb2

)3
2

exp

(

−
3|r|2
2Nb2

)

. 

The knowledge of the chain distribution change, from the stress-free 
state to the actual one (accounting for the mechanical deformation of the 
network, and eventually for chains breakage, time-related effects as well 
as the ordered-disordered network transition occurring in LCEs), pro-
vides all the information required to describe the mechanical state of the 
polymer in the current state [38]. 

In polymer physics, the mechanical energy stored in a single chain is 
usually assumed to depend on the end-to-end vector length |r|. Ac-
cording to the Gaussian statistics [39] valid for moderate chain stretch 
values, the elastic energy of a single chain is expressed as ψ(r) =

3kBT
2Nb2|r|2 The potential elastic energy per unit volume of the polymer, 
evaluated with respect to the stress-free state, is given by: 

ΔΨ = Ψ − Ψ0 =

∫

Ω

[ρ(r, t) − ρ0(r)]ψ dΩ (1) 

Alternatively, Eq. (1) can be rewritten as follows [40]: 

ΔΨ =
3cakBT
2Nb2 tr(μ − μ0) + p[det F − 1] (2)  

where p is the hydrostatic pressure required to enforce the incompres-
sibility constraint (expressed by det F = 1, being F the deformation 
gradient tensor) here assumed. In Eq. (2), the distribution tensors 
providing the covariance matrices of the distribution of r in the current 
and in the initial stress-free state, μ = 〈φr⊗r〉andμ0 = 〈φ0r⊗r〉, have been 
introduced, while 〈■〉 indicates the integration of ■ over the chain 
configuration space Ω [38]. If the affine deformation hypothesis holds 
true, the chain stretch vector is given by λ = r/|r0| and the distribution 
tensor in the current state becomes μ =〈φλ⊗λ〉|r0|2. Such a tensor con-
tains the information related to the average chain stretch in different 
directions; in its principal directions frame of reference identified by the 
versors mi, it is written as μd = μimi⊗mi(i = 1, 2, 3) where μi are the 
eigenvalues of μ and the Einstein summation convention has been used 
(in the following, the subscript d is omitted for sake of simplicity). The 
distribution tensor μ provides the information related to the spatial 
distribution of the network chains and so every action influencing such a 
distribution reflects on μ whose knowledge suffices to determine the 
mechanical state of the polymer. 

2.2. Thermally-driven chains rearrangement: from standard polymer 
network to LCE 

When a LCE polymer network in the nematic state is considered, its 
mesogens units are preferentially oriented in one direction and the 
normalized Gaussian function of the polymer chains distribution φ0 is 
non-isotropic [40]. The so-called order parameter quantifying the 
average global degree of the mesogens alignment, is defined as Q =<

3
2cos2θ − 1

2 > [15] (where θ is the angle formed by the mesogen local axes 
u and the nematic director n, the latter pointing along the average di-
rection of alignment). By assuming the mesogens to be preferentially 
oriented along the x − direction of the Cartesian frame of reference, i.e. 
n≡x, the distribution tensor becomes: 

μn =
Nb2

3

⎡

⎣
1 + 2Q 0 0

0 1 − Q 0
0 0 1 − Q

⎤

⎦ (3)  

In the case the mesogen units are perfectly aligned along the x − axis, 
then Q = 1 (θ is either equal to 0 or π), while the value Q = 0 indicates 

randomly oriented rods as occurs in a perfectly isotropic arrangement of 
chains for which 〈cos2θ〉 = 1/3 and μn = Nb2

3 1. Values of Q falling in the 
range 0÷1 indicate a non-perfect alignment, with an increasing degree 
of dispersion along the nematic director as Q → 0. Finally, when Q = − 1/ 
2, all the LC rods belong to the y − z plane. If the director varies in space, 
it is convenient to introduce the order tensor Q = Qij =

Q(T)
2 (3ninj − δij)

where n=ni is the above-introduced global nematic director [15,13]. It is 
worth mentioning that the order tensor is related to the distribution 
tensor as shown in [40]. 

Finally, the stress state of the material is provided by [40,41]: 

σ = J− 1PFT =
3cakBT

Nb2 (μ − μ0n) + p1, with P =
∂ΔΨ
∂F

(4)  

where σ,PP are the Cauchy and the first Piola stress tensors, respec-
tively. It is worth mentioning that, when a LCE network is considered, 
the distribution tensor which appears in the definition of the stress state 
of the material (Eq. (4)), must be assessed accordingly. In this case, the 
initial distribution tensor of the nematic LCE network, assumed herein to 
coincide with the stress-free state of the material, is μ0n = μ(t = 0) =
μn(Q = Q0), see Eq. (3). The current distribution tensor μ(t) is affected by 
both the order change induced by the temperature variation as well as 
by the applied mechanical deformation; thus, its time rate μ̇(t) can be 
expressed by adding up these two above-mentioned contributions: 

μ̇(t) = μ̇m(t) + μ̇n(t) (5)  

where μ̇m represents the effect of the mechanical stress while μ̇n is the 
rate associated with the temperature-dependent change of the nematic 
order. The above rates are given by [40]: 

μ̇m =
∂μ(t)

∂t

⃒
⃒
⃒
⃒

n
=< φ(t) r ⊗ r > L(t) = L(t)μ(t) + [L(t)μ(t)]T (6a)  

μ̇n(t) =
∂μ(t)

∂t

⃒
⃒
⃒
⃒

m
= 2

Nb2

3
[Q̇(t) − W(t)Q(t)+Q(t)W(t)] (6b)  

where ■|n, ■|m indicate the quantity ■ evaluated at constant nematic 
order parameter and at constant applied mechanical deformation, 
respectively, while W = 1 /2(∇u̇ − ∇u̇T) is the spin tensor. The distri-
bution tensor μ at the generic time t can be obtained by integrating the 

above rates in the time domain (0, t) as μ(t) = μ(0)+
∫t

0
[μ̇m(τ) + μ̇n(τ)]dτ. 

In the case the order parameter depends on the temperature while 
the principal directions of Q do not change, Q̇(t) in Eq. (6b) is given by 

Q̇(t) =
1
2

ℓ̇(t)
b

with ℓ̇(t) = bQ̇(t) [3 n ⊗ n − 1], Q̇(t) =
∂Q(T)

∂T
Ṫ

(7)  

being ℓ the so-called step length tensor. 
The nematic order of the LCE can be related to the temperature of the 

material in a way that Q = Q0 when T < TNI, while Q → 0 if T > TNI, 
where T and TNI are the current and the nematic-isotropic transition 
temperature, respectively, while Q0 is the initial value of the order 
parameter of the LCE network. 

The Q − T relationship used for determining the nematic-isotropic 
evolution counterpart of the distribution tensor (see Eq. (6b), depends 
on the chemical-physics properties of the material and can be deter-
mined from experimental tests [43]; it quantifies the transition of the 
order parameter from its initial value Q0 to the current one at the tem-
perature T. Here, we adopt an expression for Q − T in the form Q(T) =

Q0f(T), with f(T) =

[

1 + exp T− TNI
c

]− 1
, being c a material-dependent 

parameter. 
The Q − T curves plotted by assuming different values of the 
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parameter c are shown in Fig. 2(c); the comparison with the experi-
mentally obtained order parameter measured on a monodomain 
nematic elastomer (y − oriented) shows a reasonable similar trend. 
Starting from a known nematic configuration with Q0 = 0.46at T =
20◦C, we heat up the material up to a temperature above the nematic- 
transition temperature TNI = 86◦C[42] in order to recover the 
isotropic state. The material-dependent parameter c influences the 
nematic-isotropic transition, leading to sharp change (lower values of c) 
or more gradual ones (higher values of c), Fig. 2(c). The deformed shapes 
of the strip resulting from FE analysis for two values of c at a given 
temperature T* = 70◦C, are reported in Fig. 2(d): the contraction along 
the nematic direction is lower for lower c (λy = 0.98, A) since Q remains 
practically unchanged until the temperature value T* is reached (c = 5, 
point A, Fig. 2(c)); on the other hand, at the same temperature, Q is 
lower for a higher c (point B, Fig. 2(c)) corresponding to a more evident 
contraction (λy = 0.88, B, Fig. 2(d)). 

3. From bio-inspired morphing to architected liquid crystal 
elastomers 

3.1. Bio-inspired materials architectures 

The fascinating architectures of natural structures (ranging from 
wood, antler, bone and teeth, silk, fish scales, bird beaks, insect wings, 
shells, etc.) are increasingly attracting the interest of researchers 
because of their mechanical functionality and effectiveness. In fact, the 
above-mentioned structures have usually an optimum weight to strength 
ratio, allowing to safely bear mechanical stress by using the least amount 
of material. Soft-bodied animals (such as octopus, caterpillars, snakes, 
maggots, etc.) are able to deform in a complex way with the aim to show 
a desired functionality; for instance, among the most useful function-
alities in nature, locomotion represents a crucial task to be efficiently 
done for survival purpose. Shape-morphing strategy represents an effi-
cient way for small organism to move in a viscous fluid where the 
kinematic-reversible mechanism, typically used at high Reynolds 
numbers, doesn’t work. Soft natural living matter is thus a source of 

inspiration for the development of engineered artificial materials and 
devices mimicking functionalities observable in nature [44–47]. 

Natural structures display intricate architectures – ranging from the 
nano-, micro- and meso-scale size – reflecting an impressive range of 
different functionalities; arrangement, orientations and features of in-
dividual structural units are often optimized to get the best overall 
behavior, to perform in the best way specific biological functions or to 
protect themselves by the surrounding, i.e. to ensure the optimum 
maximization of survival and longevity [48]. Natural structures prop-
erly respond to certain environmental conditions or to peculiar external 
stimuli: examples are represented by “pill bugs” (armadillidium vulgare, 
terrestrial isopods), capable of morphing for protecting themselves 
against predators by means of conglobation morphing, the ability to roll 
up into a ball when stimulated by strong vibrations or pressure exerted 
by predators. 

It is worth mentioning that morphing in nature can also take place in 
a more general way; social animals (such as fire ants, honey bees, etc.) 
can aggregate in swarms made of many individuals joined together [49]; 
this strategy allows forming a super-organism (or cluster) whose shape 
changes according to different stimuli in order to fulfill some goal such 
as mechanical stability or thermal comfort [50,51]. Opposite to the 
above-cited collective behavior, single cell organisms (such as individ-
ual cells) morph to produce motility [52]. Inspired by morphing of 
highly deformable organisms, the development of continuum materials 
whose architecture is made of blocks with a controllable deformation, 
paves the way to create simple and efficient soft actuators with unlim-
ited morphing capabilities. 

3.2. LCE-based metamaterials 

When properly stimulated, the deformation potentialities of LCEs 
offer the opportunity to create architected elements by a suitable 
assembling of LCE portions having different nematic directors and/or 
transition temperatures; this allows the production of soft actuators 
whose morphing capability can be precisely tuned (controlled morph-
ing) [26,53]. The production of architected LCE-based elements is 

Fig. 2. (a) Scheme of the preferential orientation of liquid 
crystal molecules with local axes u fluctuating around the 
nematic director n≡x. (b) Ordered-disordered transition in LCE 
due to a temperature increase (from left to right). (c) Q − T 
curves obtained through the function f(T) for different values 
of the material-dependent parameter c, compared with exper-
imental values [42]. (d) Deformed shapes of the considered 
element at a given T for two values of the parameter c (ob-
tained from FE simulations).   
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nowadays possible and affordable thanks to the modern additive 
manufacturing production technologies [20,21,23,35,54,55]. The 
easiest way to get a LCE-based metamaterial consists in arranging LCE 
regions characterized by distinct nematic directors into a bilayer struc-
ture; upon a thermal stimulus, this induces a bending-like deformation 
through the thickness due to expansion/contraction mismatch, allowing 
to get, if required, elements characterized by wavy-like deformed 
shapes. A first experimental attempt to mimic the wavy-like morphing of 
an element can be found in [56], where two LCE layers joined together 
have been used to induce bending morphing. 

In other words, a bi-layer of LCE material can form a localized hinge 
which provides a localized rotation induced by alternate tensile/ 
compressive strain along the element thickness; controlling the position 
and the geometric-related features (geometrical size, nematic director 
orientation, etc.) of these LCE hinges, coupled with inert parts of ma-
terial (blue blocks of Fig. 3), can be exploited to obtain elements with 
intriguing tunable shape-morphing capabilities (Fig. 3). 

Being LCE-based actuators capable of developing an actuation power 
of the order of 105J/m3 [57], they can be employed in a variety of ap-
plications, such as in soft robots, tunable stereoscopic displays, intelli-
gent skin, grippers, etc. 

4. Numerical simulations 

4.1. Numerical implementation 

The micromechanical model illustrated above can be readily 
implemented into a FE computational framework. To this end, it is 
convenient to introduce the variational statement of the problem that 
reads: 

δuΠ = δuΨe + δuΨext =
∫

B 0

∂Ψ
∂∇u δ∇u dV −

∫

B 0

B⋅δu dV −
∫

∂B 0

t⋅δu dA

=

∫

B 0

[∇⋅P − B]δudV +

∫

∂B 0

[P⋅N − t]⋅δudA = 0
(8)  

being P = JσF− T = ∂Ψ/∂∇u the first Piola stress tensor, while B, t are the 
body and traction forces in the reference configuration and N is the unit 
outward normal to the boundary. By introducing the FE discretization of 
the displacement field and of its gradient, 

ua =
∑nn

i=1
[N]iũi, ∇⋅up = ∇X

∑nn

i=1
[N]iũi =

∑nn

i=1
[B]iũi. (9)  

(being ■a and ̃▪ the interpolated and the nodal values of the quantity ■) 

the variational statement (Eq. (8)) leads to the following equilibrium 
equation written in terms of the unbalanced residual nodal force vector 

{R}e
u =

∫

Ve
0

[B]T P dV −

∫

Ve
0

[N]
T BdV +

∫

Ae
0

[N]
T tdA = {0} (10)  

where the single finite element e with volume Ve
0 and boundary surface 

Ae
0 has been considered. It can be noticed that the knowledge of the 

stress field at the FE Gauss points allows evaluating the vector of the 
unbalanced residual forces whose norm must fulfill some convergence 
requirements through an iterative procedure, for example by using the 
standard Newton method [40]. 

4.2. Numerical simulations and discussion 

This section is devoted to illustrate the controlled morphing of 
architected LCE-based elements through numerical simulations; the 
examined cases, consisting in a simple rectangular 2D beam-like element 
made of LCEs units – alternatively arranged by changing their nematic 
directors and the characteristic transition temperature – outline the 
huge variety of shape morphing obtainable from an architected LCE 
cantilever beam. Elements made of LCE blocks arranged as shown in 
Fig. 4 , each one characterized by distinct widths of the constituent LCE 
blocks, namely w/L = 0.125; 0.25; 0.5 (Fig. 4, top-to-bottom elements) 
are considered. The height of each LCE block is assumed to be one half of 
the height of the beam-like element and is kept fixed for the three 
investigated patterns. As can be appreciated from the detail of Fig. 4, the 
element is assumed to be made of LCE blocks having different nematic 
orientations, namely LCY blocks (green regions in Fig. 4) and the LCX 
blocks (yellow regions in Fig. 4), corresponding to mesogen units with 
nematic director along the y-axis and x-axis, respectively. We investigate 
the role played by different relative sizes of LCE rectangular blocks 
within the element, whose nematic mesogens orientations and/or 
nematic-isotropic transition temperatures TNI differ from block to block, 
in triggering different shape morphing for different boundary 
constraints. 

In the first example, we consider an element made of a pattern of 
appropriately assembled LCE blocks having the same TNI. Then, we 
illustrate the controlled morphing of an element made of a fixed pattern 
of LCE blocks but with different TNI.  

Hereafter, we consider a rectangular beam-like element whose ge-
ometry in the undeformed state is characterized by L/h = 16, h = 500μm 
and thickness t = h. Moreover, we adopt a constant shear modulus of the 
material μ = 13.33kPa that, for sake of simplicity, is assumed to be 
temperature-independent. The analyses are performed by assuming a 

Fig. 3. Examples of generic deformed shapes predicetd by the present model, 
obtainable by thermal-triggered morphing of an element made of properly ar-
ranged LCE parts with different nematic directors, coupled with inert parts 
of material. 

Fig. 4. Arrangement of LCE blocks with two nematic order orientations, yellow 
along x, green along y, organized in architected patterns; three different 
dimensionless ratios w/L are adopted. 
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plane stress condition and a fast heating because of the small size of the 
element. In the examples, the temperature of the bottom surface of the 
element is increased from TB = 25◦C to TB = 150◦C. The temperature 
evolution within the material is determined by solving the heat con-
duction problem in the element’s domain whose thermal conductivity 
and specific heat are assumed to be κ = 0.2 W/mK and C = 1050 J/Kg K, 
respectively. In order to not have further deformations not related to the 
nematic-isotropic transition of the LCE parts, the thermal expansion of 
the material is neglected within the temperature range considered. 

Unless differently stated, we assume the nematic-isotropic transition 
temperature to occur at TNI = 50◦C, while the parameters describing the 
transition from the initial nematic to the final isotropic state are 
assumed to be Q0 = 0.3 and c = 20 for all the LCE blocks. 

We implemented the micromechanical model outlined above into a 
FE framework for simulating the morphing behavior; firstly, we inves-
tigate the morphing response of ALCE elements, assumed to be fabri-
cated according to the three patterns shown in Fig. 4. The deformation 
response is studied by adopting either a clamped boundary condition 
(BC) along the edge ① (displacements δx = δy = 0 at X = 0) or a simply 
supported element along the edge ②, i.e. lying on a rigid horizontal 
frictionless plane (unilateral constraint, displacements δy ≥ 0 at Y = 0), 
see Fig. 4. 

The results related to the cantilever elements are reported in Fig. 5; 
the deformed shapes of the centreline for three different temperature 
levels (TB/TNI = 0.7; 1.0; 1.5) and the corresponding deformed shapes of 
the element for TB/TNI = 1 for the three patterns of Fig. 4 (w/L = 0.125, 
0.25, 0.5), are illustrated. As it can be noticed, the coupling of LCE 
blocks in a proper architected way provides alternate zone of 
compressive/tensile strain within the element, resulting in a wavy-like 
shape morphing. Further, it can be appreciated that the right-hand 
side of the element move upwards upon rising the temperature: at a 

fixed TB/TNI value, the higher the w/L, the higher the uplift displace-
ment obtained. 

We consider now the results related to the architected LCE element 
lying on a rigid frictionless plane; Fig. 6 illustrates the LCE-temperature- 
dependent deformation of the centreline of the considered element. 
Similarly to the previous case, the architected LCE element is charac-
terized by wavy-like deformed shapes whose amplitudes depend on the 
ratio w/L. 

In this case, due to the different BCs with respect to those of the 
cantilever element, the amplitude of the deformed shapes are less pro-
nounced at a fixed values of w/L and TB/TNI. 

In the last example, we consider the morphing of a cantilever 
element whose LCE blocks have both different nematic orientation and 
transition temperatures; TNI,X = 50◦C has been assumed for zones with 
mesogens preferentially oriented along X, while TNI,Y is equal to either 
50, 70, 100, 130◦C for zones with mesogens preferentially oriented 
along Y (cases no. 1, 2, 3, 4, respectively, in Fig. 7a,b). This leads to a 
controlled morphing of the element due to an asynchronized thermo- 
mechanical responsiveness, allowing, for example, to make the mate-
rial point P0 capable of following a desired displacement path during the 
temperature increase (see Fig. 7a). Let’s image to require the point P0 to 
move from its initial position (X = L, Y = 0) to an assumed target zone 
(light-blue circle in Fig. 7a) following different trajectories. The use of 
LCE blocks with different activation temperatures TNI,Y allows the point 
to move from P0 to the target area moving initially upward to the left 
(black paths, TNI,Y = 50, 70◦C) or firstly downward and then upward to 
the left (red paths, TNI,Y = 100, 130◦C), making the point capable, for 
example, to move toward the desired region by avoiding obstacles. 

5. Conclusions and future developments 

We have investigated the possibility to precisely control the shape 

Fig. 5. Architected LCE cantilever element under a temperature increase (see 
Fig. 4). (a,c,e) centerline deformed shapes, and (b,d,f)corresponding deformed 
shapes with temperature and nematic order fields at TB/TNI = 1. 

Fig. 6. Architected LCE element lying on a horizontal frictionless plane (see 
Fig. 4) stimulated by a temperature increase. (a,c,e) Centerline deformed 
shapes, and (b,d,f) corresponding deformed shapes with temperature and 
nematic order fields at TB/TNI = 1. 
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morphing of elements made of architected blocks of LCE, aimed at 
obtaining desired functionalities. It has been considered a temperature- 
responsive LCE material whose transition from the nematic state to the 
isotropic one occurs when the transition temperature is overcome. 

A general theoretical micromechanical-based framework, without 
any particular assumptions coming from the structural element consid-
ered, has been briefly illustrated and some numerical FE simulations, 
based on the FE implementation of the proposed theory, have been 
performed. It has been demonstrated that a proper arrangement of the 
LCE blocks with different nematic directors and/or transition tempera-
tures, allows us to control the obtained deformed shapes, leading to a 
desired morphing whose deformation mechanism is capable to follow a 
preferential path. The present investigation, which considered a simple 
beam-like element, allows us to easily capture and predict quantitatively 
the role played by the LCE blocks arrangement (geometrical size, 
nematic directors orientation, transition temperature) on the controlled 
morphing. The results have demonstrated that a proper design of LCE- 
based elements represents a promising way to obtain fully tunable 
flexible systems displaying large reversible deformations with path- 
controllable displacements. The obtained results represent a starting 
point for the design and simulation of more complex engineering sys-
tems and devices. Within this context, a future important advancement 
will be the design of proper LCE pattern arrangements capable of pro-
ducing a desired deformed shape under a given temperature history. 
This issue (suitable to be tackled by using, for example, Artificial In-
telligence algorithms) represents the so-called inverse problem, con-
sisting in finding the architecture of a LCE-based metamaterial (whose 
design space consists of the LCE blocks geometry and spatial arrange-
ment, mesogens orientation and transition temperature) according to 
the desired morphing functionality. 
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