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Liquid crystal elastomers (LCEs) are an attractive platform for dynamic shape morphing due 25 

to their ability to rapidly undergo large deformations. While recent work has focused on 26 

patterning the director orientation field to achieve desired target shapes, this strategy cannot 27 

be generalized to material systems where high-resolution surface alignment is impractical. 28 

Instead of programming the local orientation of anisotropic deformation, we develop here an 29 

alternative strategy for prescribed shape morphing by programming the magnitude of stretch 30 

ratio in a thin LCE sheet with constant director orientation. By spatially patterning the 31 

concentration of gold nanoparticles (AuNPs), uniform illumination leads to gradients in 32 

photothermal heat generation and therefore spatially-nonuniform deformation profiles that 33 

drive out-of-plane buckling of planar films into predictable three-dimensional (3D) shapes. 34 

Experimentally realized shapes are shown to agree closely with both finite element 35 

simulations and geometric predictions for systems with unidirectional variation in 36 
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deformation magnitude. Finally, we demonstrate the possibility to achieve complex 1 

oscillatory motion driven by uniform illumination of a free-standing patterned sheet. 2 

 3 

Morphing of two-dimensional sheets into three-dimensional shapes is a useful strategy to 4 

dynamically alter the physical properties of materials, offering diverse applications in fields 5 

ranging from biomedical devices to advanced manufacturing.[1] Over the past decade, numerous 6 

studies have focused on programming desired three-dimensional structures of soft materials 7 

such as shape-memory polymers (SMPs)[2,3] and gels[4–7] by introducing spatial variations in 8 

thermal expansion/contraction, swelling, or molecular order.[8] A particularly useful class of 9 

materials to achieve dynamic two-dimensional (2D) to three-dimensional (3D) shape 10 

transformations are liquid crystal elastomers (LCEs), where the coupling between the 11 

orientational ordering of polymerized mesogens and the conformation of a polymer backbone 12 

can be leveraged for large, anisotropic deformations that are dictated by the director field.[9,10] 13 

Using oriented surface alignment layers[11] or microchannels,[12] director orientation can be 14 

patterned with a resolution approaching 10 µm.[13] A subsequent reduction of nematic ordering, 15 

usually driven by heating, leads to local contraction along the director and expansion along the 16 

transverse directions, driving out-of-plane buckling into 3D shapes that are ‘blueprinted’ by the 17 

pattern of director orientation. However, while geometric methods allow for the deduction of 18 

the necessary in-plane director orientation field to generate a desired profile of Gaussian 19 

curvature,[14–17] there are a number of practical drawbacks to this approach. First, prescription 20 

of complex director fields requires significant processing, making high-throughput fabrication 21 

and evaluation of designs challenging. Additionally, the surface alignment methods needed to 22 

specify director orientation with high spatial resolution are only amenable to certain chemistries 23 

due to the need for high mesogen content, and thus cannot be widely generalized to all LCE 24 

systems. For example, while classical LCE systems based on siloxanes,[18,19] as well as recently 25 

developed systems that rely on simple and efficient ‘click’ chemistries,[20] offer attractive 26 
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thermal and mechanical properties for shape-morphing systems, they typically only allow for 1 

alignment of the director field with coarse spatial resolution such as through application of shear 2 

stress[21–23] or magnetic fields.[24] To circumvent the need for a spatially-varying director 3 

orientation, where the direction of deformation varies but the magnitude is constant, a potential 4 

alternative method to drive shape changes is to instead locally prescribe the magnitude of 5 

deformation within an otherwise homogeneous director field. While spatial variations in the 6 

extent of deformation have been widely employed for shape programming of isotropic 7 

gels,[4,7,25–28] and briefly considered in seminal theoretical work on LC polymers,[29] this 8 

approach has yet to be experimentally realized in LCE systems. Furthermore, no theory for this 9 

means of shape programming in anisotropic materials exists despite the potential generality of 10 

this method to any LCE system that can be aligned into a monodomain with a unidirectional 11 

director field. 12 

 13 

While most LCE systems rely on uniform heating to trigger shape change, optically-driven 14 

shape morphing is an attractive approach owing to the remote deployability, spatiotemporal 15 

control, and dynamic reconfigurability offered by using light as a control stimulus. Furthermore, 16 

light-responsive systems are particularly useful for programming deformation profiles, either 17 

through spatiotemporally patterned light fields or flood illumination of materials containing 18 

localized inclusions of photothermal or photochemical moieties.[8] Programmed buckling in 19 

response to both patterned and flood illumination has been widely exploited in gel[30–32] and 20 

shape-memory polymer systems.[33–36] In contrast, work on liquid crystalline materials has 21 

focused primarily on the use of spatially patterned light[37–40] with a few exceptions including 22 

azobenzene-containing LCEs with shapes blueprinted by director orientation[41] and glassy LC 23 

polymer cantilevers with coarsely patterned photothermal hinges.[42]  24 

 25 
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Recently, we introduced a method to spatially pattern gold nanoparticles (AuNPs) in LCE 1 

fibers[43] and hydrogel sheets[44] with high spatial resolution using UV-induced photoreduction 2 

of gold salt.[45,46] Following patterning, exposure to visible light induces localized photothermal 3 

deformation that drives shape-morphing. In this work, we explore the utility of this method to 4 

blueprint shape changes of thin LCE nanocomposite (LCENC) sheets with unidirectional in-5 

plane director fields in response to flood illumination. Specifically, we show that discrete 6 

patterns of photothermal inclusions can generate a rich array of dynamic shape changes due to 7 

buckling driven by nearly discontinuous changes of in-plane deformation. Furthermore, smooth 8 

variations in deformation can be programmed via grayscale patterning of AuNP absorbance to 9 

yield more complex shape changes. Finite element method (FEM) simulations are used to help 10 

understand the shapes selected by these materials, in concert with an analytical model based on 11 

the principles of Gaussian morphing[4,47–49] that provides a general approach to the design of 12 

axisymmetric shapes through unidirectionally varying stretch profiles. 13 

 14 

To fabricate monodomain LCEs, 50 µm thick planar nematic films are synthesized following 15 

the work of Ahn and co-workers (see Supplementary Information, Scheme S1).[50] This 16 

chemistry is employed due to its amenability to formation of monodomain samples with 17 

relatively low nematic-isotropic transition temperatures (TNI) and large thermomechanical 18 

strains. Briefly, n-dodecylamine and 8-amino-1-octanol are mixed in a 1:1 molar ratio with the 19 

diacrylate mesogen RM82 with an overall stoichiometry of acrylate:amine functionalities of 20 

1.1:1, selected to afford a cross-link density that allows for large strains while maintaining 21 

sufficient mechanical robustness. All reactants are melted in a vial with 1 wt% photoinitiator, 22 

filled between two rubbed polyimide-coated glass slides, and oligomerized in an oven overnight 23 

at 55°C.  Following oligomerization, films are photopolymerized under UV light and the 24 

resulting monodomain samples harvested. To impart photo-responsiveness, gold nanoparticles 25 

(AuNPs) are produced by in-situ photoreduction of gold salt within the pre-formed LCE films 26 
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as previously reported.[43] LCE samples are swollen with a solution of HAuCl3, oleylamine, and 1 

photoinitiator and exposed to UV light through a photomask to produce AuNPs via 2 

photochemical reduction (Figure 1A). Because the  degree of gold reduction is controlled by 3 

the dose of UV light, the resulting absorbance of the nanocomposite can be spatially 4 

programmed using grayscale photomasks (Figure 1B).[26]    5 

 6 

The as-synthesized films are monodomain with a constant director orientation (Figure S1) with 7 

an order parameter of S ≈ 0.6 as measured by wide-angle X-ray scattering (WAXS),[51] with a 8 

glass transition temperature of Tg ≈ -4 °C, a broad TNI ≈ 100 °C,  and an elastic modulus parallel 9 

to the director of E ≈ 9 MPa (Figure S2). We note that introduction of AuNPs does not 10 

significantly affect the thermal or mechanical properties of the films, as evidenced by DSC, 11 

TGA, and tensile tests (Figure S2). Upon uniformly heating above 40 °C, samples reversibly 12 

contract along the director and expand in the perpendicular directions, ultimately contracting to 13 

60% of their initial length along the director when heated to 120 °C (Figure 1C). To probe the 14 

effect of photothermal heat generation on deformation, films are placed on a hot plate at a 15 

defined temperature and exposed to 200 mW cm-2 of light with wavelength 530 nm. The length 16 

at each temperature is recorded to define a stretch ratio, 𝜆 = 𝑙!"#$% 𝑙"#"&"$%⁄  where linitial is defined 17 

as the length along the director at room temperature. As shown in Figure 1C for the case of 18 

maximum light absorbance, a photo-induced temperature change of DT ≈ 20 °C (Figure S3) is 19 

observed. We note that in principle this temperature change could be substantially greater and 20 

is limited by the intensity of the incident light source. Photo-deformation is maximized when 21 

samples are held at 80-90 °C due to the proximity to TNI; thus, all subsequent experiments are 22 

conducted at an ambient temperature of 85°C. Because AuNP absorbance determines the 23 

magnitude of temperature change upon photothermal heating, control of light dose during 24 

photoreduction can be used to systematically program the resulting photo-deformation. As 25 
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shown in Figure 1D, the stretch 𝜆 due to photothermal heating can be programmed from 0.77 1 

– 0.92 by controlling the transparency of the photomask to UV light from 0% black (nearly 2 

transparent to UV light) and 100% black (nearly opaque) during patterning. This introduces the 3 

possibility to locally control photo-deformation—and thus shape transformation—through 4 

judicious design of photomasks. 5 

 6 

To connect the patterned photothermal heat generation to shape transformation, we develop 7 

FEM simulations and a geometric model. In the FEM simulations, LCE sheets are modeled 8 

using the neo-classical free energy density[52,53] implemented into Abaqus as a user subroutine 9 

UMAT. A stretch-temperature relation, fit to the experimental measurement (Figure 1C), is 10 

introduced into the free energy to describe the temperature-dependent anisotropy of LCEs (see 11 

Experimental Section and Supporting Information). Once a temperature field corresponding 12 

to a specific design of photothermal patterning is prescribed, the equilibrium shape is solved by 13 

FEM in Abaqus. 14 

 15 

To model these shape changes geometrically, we turn to the principle of Gaussian 16 

morphing,[48,49] previously exploited for isotropic systems, and apply it to the anisotropic case 17 

considered here. In this model, the in-plane deformation due to photothermal heat generation 18 

defines a ‘target metric’ that describes how the distance between points in the flat sheet should 19 

change upon deployment to generate a shape of defined curvature. We consider the case of 20 

sheets with uniform orientation of the director along the u axis (Figure 1A), where the 21 

magnitude of stretch λ is constant along u and varies as a function of v. Thus, the metric tensor 22 

is given by 23 

𝒈 =	 '
𝜆'(𝑣) 0
0 (

)(+)
,      (1) 24 
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Crucially, in this case, the local magnitude of stretch varies while the direction is constant, 1 

similar to the case of isotropic gels[4,7,25–28]  and equibiaxially-strained thermoplastics[35,54] but 2 

distinct from the case of a director field with patterned orientation but uniform magnitude of 3 

stretch.[11,17] Using Gauss’s theorema egregium (see Supplementary Information for a more 4 

detailed discussion), the Gaussian curvature can be calculated from the metric tensor by 5 

𝐾 =	− (
√)
/√𝜆𝜆.1

.
= − '

/√)
/𝜆/ '⁄ 1..      (2) 6 

Thus, by solving Equation 2 for a desired curvature profile K(v), a corresponding stretch profile 7 

l(v) can be computed. Finally, using an experimentally-determined calibration curve of stretch 8 

vs grayscale, a photomask can be generated to pattern the necessary photothermal profile is 9 

patterned into the nematic sheets (see Supporting Information for additional detail). 10 

 11 

Using this patterning method, we first investigate the effect of discretely patterned deformation 12 

profiles on the buckling of nematic sheets using a bi-strip geometry, where one-half of a square 13 

sheet is patterned with a stripe of AuNPs such that the photoactive region bisects the length of 14 

the sheet with the long axis of the stripe parallel to the director (Figure 1A). For the case where 15 

the lateral dimensions of the square film are much greater than the thickness (here, 16 

width/thickness = 200), heat dissipation by convection limits thermal broadening across the 17 

interface between the photoactive and non-photoactive regions (Figure S3B and Supporting 18 

Information). In addition, despite a through-thickness gradient in heat generation due to the 19 

strong absorption of light by the nanoparticles that is necessary to generate appreciable 20 

temperature changes, the thin nature of these films ensures that the resulting temperature 21 

distribution is nearly constant through the thickness of the film (Figure S3C). For the simple 22 

case of a discrete photothermally-heated stripe, the equilibrium in-plane length is almost 23 

discontinuous across the stripe interface as the photoactive region contracts along the director 24 

and the energetic cost of this step-change in deformation is relieved by buckling out-of-plane. 25 
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For square films with side length l = 10 mm, the films preferentially roll about an axis 1 

perpendicular to the photothermal interface to form a bottleneck shape upon illumination as 2 

shown in Figure 1E, where the non-heated and heated regions adopt different radii of curvature 3 

that are smoothly connected over the interfacial region as predicted by FEM. We note that films 4 

tend to roll with the direction of curvature away from the light. This suggests that while small 5 

asymmetries in heating through the thickness inevitably exist due to the decay in light intensity, 6 

this is not the dominant factor in biasing the buckling direction of the film, since a higher 7 

temperature at the surface of the film facing the incident light should prefer curvature toward 8 

the light source. This shape transformation is analogous to the case of isotropic hydrogel bi-9 

strips with two discrete regions of cross-link density.[55] This shape transformation can be 10 

rationalized as follows: while a discontinuous target metric encodes divergent positive and 11 

negative Gaussian curvature on either side of the interface, the non-zero thickness of a real 12 

sheet, and the corresponding bending energy cost to deform it, causes the curvature to be 13 

smoothed out across the interface into regions of finite Gaussian curvature with opposite signs. 14 

The resulting shape consists of two zero-K regions on either end of the sheet, smoothly 15 

connected by a neck that contains regions of both positive and negative Gaussian curvature, 16 

wherein stretching energy (i.e. deviations from the discontinuous target metric) balances the 17 

overall bending energy of the sheet.  18 

 19 

To probe the utility of this method to program a wider variety of shapes, a series of additional 20 

patterns are investigated. For example, illumination of a square sheet with a centered 21 

rectangular inclusion with the long axis oriented parallel to the director results in a saddle-like 22 

shape that is symmetric about the axes parallel and perpendicular to the director that bisect the 23 

center of the film (Figure 2A). Placement of a photothermal region in one quadrant of the film 24 

drives bending about an axis diagonally bisecting the sheet, resulting in a wrinkled hyperbolic 25 

surface (Figure 2B). Finally, inclusion of a large square in the center of the sheet drives rolling 26 







     

36 
 

 1 
Figure S6. Oblique illumination at different angles for a photothermal stripe patterned (A) 2 
parallel to the director and (B) at a 45° to the director. No oscillation is observed for either 3 
case regardless of illumination angle. 4 
 5 
 6 
 7 
 8 

 9 
 10 
Figure S7. Shape predicted by (A) Theory and (B) FEM for Gaussian stretch profiles with d 11 
= 0.3 (top row) and d = 0.4 (bottom row). (C) Experiments match the predicted shape. 12 
 13 
 14 
 15 
 16 
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 1 
 2 
Figure S8. (A) Workflow of photomask generation. Photomasks used to pattern Gaussian 3 
profiles with (B) d = 0.2, (C) d = 0.3, and (D) d = 0.4 and constant (E) positive and (F) 4 
negative Gaussian curvature. 5 
 6 
 7 
 8 
 9 

 10 
 11 
Figure S9. Comparison of curvature predicted by theory and FEM for (A) positive Gaussian 12 
curvature and (B) negative Gaussian curvature. 13 
 14 
 15 
 16 

A. B. C. D.

E. F.
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 1 
 2 
Figure S10. (A) Non-axisymmetric mode predicted by the FEM for the prescribed constant 3 
negative Gaussian curvature via the stretch profile shown in Figure 4A. (B) Normalized free 4 
energy difference between the curved states Π	and the flat state Π7 as a function of percentage 5 
of prescribed stretches 𝜆UQVWXQ"TV5. The non-axisymmetric mode bifurcates from the flat state 6 
at a lower stretch and is energetically preferred. To achieve the axisymmetric mode in the 7 
FEM simulations, a symmetric boundary condition about u/w = 0.5 is applied. The non-8 
axisymmetric mode, however, has free boundary conditions in the FEM simulations. 9 
 10 
 11 
 12 
References 13 
 14 
[1]  P. Bladon, M. Terentjev, M. Warner, Phys. Rev. E 1993, 47, 3838. 15 
 16 
[2]  L. Jin, Z. Zeng, Y. Huo, J. Mech. Phys. Solids 2010, 58, 1907. 17 
 18 
[3]  Do Carmo, Manfredo P. Differential geometry of curves and surfaces: revised and 19 

updated second edition. Courier Dover Publications, 2016. 20 
 21 
[4] J.R. Welty, C.E. Wicks, R.E. Wilson, G.L. Rorrer. Fundamentals of Momentum, Heat, 22 

and Mass Transfer, John Wiley & Son, Inc, Hoboken, 2008. 23 
 24 
 25 
 26 
 27 
 28 
 29 


