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a b s t r a c t 

Shape morphing in response to an external stimulus can create geometric transformations from ini- 

tially flat materials. Current strategies rely on thin layers made of soft materials that are inherently 

floppy to provide morphability, but cannot support their own weight and must forgo structural resis- 

tance, hence limiting their use as structural materials. Here, we demonstrate thermally actuated shape 

morphing of a three-dimensional framework that can evolve into complex, lightweight shapes that are 

both stiff and morphable, hence resolving the conflict between rigidity and morphability. Our building 

block is a truss unit cell that leverages the mismatched thermal expansions of its rigid constituents to 

generate programmable spatial deformation. By encoding specific geometric and multimaterial attributes 

into the truss system, we realize shape morphing on target and generate reversible structural transfor- 

mations with complex curvature combinations. We also explore cooling and localized heating, unveiling 

temperature-dependent morphological evolutions and heat-source tracking. The morphable, yet stiff, truss 

metamaterial here introduced has potential applications in thermally responsive smart buildings, thermal 

management adaptive devices, deployable shelters in extreme environments, and mirror optical systems 

in space. 

© 2022 Elsevier Ltd. All rights reserved. 
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. Introduction 

Shape morphing in response to external stimuli is extensively 

bserved in both the natural and synthetic worlds. Pine cones, for 

nstance, disperse seeds by opening scales in response to changes 

n humidity [1] , while flytraps capture prey through traps trig- 

ered by mechanical actuation [2] . Learning from nature, syn- 

hetic materials endowed with a certain degree of shape morph- 

ng have been carefully designed to attain specific responses and 

unctionalities upon activation, e.g. amplified actuation [ 3 , 4 ], self- 

eployment [ 5 , 6 ], self-folding [ 7 , 8 ], autonomous locomotion [ 9 , 10 ],

ime-dependent control [ 11 , 12 ], and logic operation [ 13 , 14 ], that

re often dissimilar from and beyond those of natural and conven- 

ional materials. Combined with these characteristics, shape mor- 

hing materials hold promise in a wide range of applications, in- 

luding drug delivery [ 15 , 16 ], biomedical devices [17] , smart tex- 

iles [18] , space exploration [19] , and autonomous robots [ 20 , 21 ]. 

Among several shape morphing systems, those capable of trans- 

orming flat configurations into complex 3D geometries, where 

aterial and geometric attributes are encoded into initially flat 

onstructs, can attain predefined 3D shapes upon activation. Pro- 
∗ Corresponding author. 
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ramming 3D transformations from flat materials has relied on soft 

aterials shaped in thin geometries that are inherently floppy, and 

ainly use two underlying principles: (i) out-of-plane bending in 

ultilayered architectures, and/or (ii) instability triggered in flat 

atter. The former is generated by stress gradients throughout the 

hickness of the material, whereas the latter arises from in-plane 

ompressive stresses caused by in-plane dimensional changes, as 

urther explained below. 

Out-of-Plane Bending . To create stress gradient throughout the 

aterial thickness, dissimilar materials, each with its own distinct 

esponse to a given stimulus, are typically tessellated in thin lay- 

red structures. For example, a bilayered hydrogel with differen- 

ial swelling ratios has been used for self-folding [22] in an aque- 

us environment, and a trilayer construct with one shrinking layer 

andwiched between two outer layers has been shown capable 

f bending deformation under an increase in temperature [ 8 , 11 ]. 

n general, the bending curvature of bilayers is programmable 

hrough manipulation of their geometric attributes, such as the 

hickness ratio [ 23 , 24 ], as well as material properties, such as the

welling (or expansion) ratio [ 22 , 24 ] and stiffness ratio [ 23 , 25 ]. For

rilayer structures, bending magnitude can be programmed by ra- 

ionally employing hinge gaps [8] or bumpers [11] . The deforma- 

ion mode can also be adjusted to achieve 3D shape morphing. 

or example, either single curvature or doubly curved shapes can 

https://doi.org/10.1016/j.apmt.2022.101432
http://www.ScienceDirect.com
http://www.elsevier.com/locate/apmt
mailto:damiano.pasini@mcgill.ca
https://doi.org/10.1016/j.apmt.2022.101432
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Fig. 1. Overview of temperature-induced 3D shape morphing of a truss system 

from an initially flat geometry. a Flat lattice assembled from encoded unit cells 

with programmed sequence and attributes of material and geometry. Inset shows 

the truss-like nature of the system. b Target shape attained by uniformly heating 

the flat lattice to a prescribed temperature T 1 ( T 1 > T 0 , T 0 : initial temperature). c 

Inverted transformation of the target shape obtained by switching from uniform 

heating to cooling T 2 ( T 2 < T 0 ), leading to a dissimilar configuration, namely Poly- 

morphing I. d Localized deformation realized upon local application of stimulus, re- 

sulting in another shape modulation, namely Polymorphing II. Upon removal of all 

thermal stimuli, the morphed truss-like lattice returns to its initial geometry, thus 

exhibiting full morphing reversibility. 
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h

e programmed in bilayers made of isotropic materials by tun- 

ng the aspect ratio [26–28] , thickness ratio [ 29 , 30 ], and stiffness

atio [ 29 , 30 ]. Introducing inclusions, oriented at a desired angle 

ith respect to the main axis of isotropic or anisotropic bilayers, 

s another approach to generate morphed shapes such as rolls and 

ylindrical or twisted helices [ 31 , 32 ]. While 3D shape morphing 

rom flat materials via out-of-plane bending has been widely re- 

orted, all concepts require laminate architecture, i.e. thin layered 

ystem, either bilayer or trilayer. Furthermore, more complex ge- 

metries with nonzero Gaussian curvatures beyond rolls, cylindri- 

al and twisted helices, are uncommon. 

Out-of-Plane Buckling . The generation of in-plane compressive 

tresses, which leads to out-of-plane buckling, is another approach 

sed to attain 3D shape morphing. Unlike the bending strategy, 

n-plane compressive stresses are typically induced by tessellat- 

ng dissimilar materials in a single layer. The resulting deforma- 

ion mode is governed by the tessellation pattern. For example, 

iquid crystals can be aligned azimuthally or radially in a circular 

olymer film to form a cone or saddle shape upon heating [33] , 

hereas hydrogels with distinct swelling ratios are tessellated in 

arallel for the generation of a rolling bi-strip with a transition 

rea [34] , or alternatively aligned at an angle to the long axis of 

he sheet to create a range of shapes; these include cylindrical, 

wisted or conical helix, configurations determined by the interplay 

etween the oblique angle and strip widths gradient upon immer- 

ion in an aqueous medium [35] . More complex shapes have been 

btained by encoding into the flat geometry the prescribed metric 

ensor, which describes the distance between neighboring points. 

hen the flat construct undergoes in-plane dimensional changes 

pon activation, a desired level of stress can be achieved, and then 

eleased during morphing to minimize the elastic energy [36–38] . 

his approach, however, poses challenges in controlling the out-of- 

lane direction of deformation due to the instability induced by 

orphing. In-plane compressive stresses can also be induced me- 

hanically by locally attaching a thin top layer to a pre-strained 

ubstrate, resulting in out-of-plane buckling if the substrate is re- 

eased. For example, complex 3D structures can be produced at 

mall length scales when planar semiconductor nanoribbons are 

ubjected to compressive forces owing to the release of the pre- 

tretched substrate [ 39 , 40 ]. However, methods for inducing out-of- 

lane buckling are still limited to thin layers typically made of very 

oft and flexible materials. 

In addition to the two underlying physical principles mentioned 

bove, origami and kirigami approaches have been documented for 

D shape transformation; by rationally designing the crease and 

ut patterns flat sheets can transform into complex spatial geome- 

ries. For example, Dudte et al. [41] use Miura-ori tessellations to 

enerate curved surfaces, such as a logarithmic spiral and a hyper- 

olic paraboloid, while non-periodic cut patterns are introduced 

nto flat sheets, which buckle into 3D shapes, such as a dome 

hape and a wrinkle pattern, when pulled at specific regions [42] . 

owever, origami and kirigami techniques are restricted to thin 

heets, and manual folding, as well as control over the folding di- 

ection and angle, becomes increasingly challenging at smaller or 

arger length scales. 

Here, we demonstrate a reversible, thermally actuated 3D shape 

orphing from an initially flat truss architecture made of multi- 

le stiff solids. We introduce a truss-like unit cell that differs from 

ll the thin layered architectures and other concepts in the liter- 

ture, resulting in a weight-efficient structure. When subjected to 

emperature changes, the 3D unit cell built of multimaterials with 

istinct CTE 1 displays programmable spatial deformation governed 

y the mutual interaction of its truss members. A variety of meta- 
1 Coefficient of thermal expansion 

t

o

t

2 
urfaces consisting of multiple unit cells, are created to match pre- 

efined shape targets, each attained via an encoded sequence of 

aterial and geometric attributes; the target can feature multiple 

alues of Gaussian curvature in response to a given temperature 

hange that can be either uniformly or locally applied. Fig. 1 il- 

ustrates the overall scope of our morphing platform through an 

llustrative example. In Fig. 1 a, a flat multimaterial spatial lattice 

only upper surface shown) is programmed at the initial tempera- 

ure ( T 0 ) with a target curvature field to reconfigure into a target 

hape ( Fig. 1 b) in response to uniform heating to T 1 ( T 1 > T 0 ). In

ddition, the design space of existing concepts is here extended 

y modulating the applied stimulus locally and in reverse, the for- 

er reported merely only for self-folding [ 43 , 44 ], and the latter, 

.e., stimulus reversal rarely documented in bending and buckling 

trategies. By combining heating or cooling, either globally or lo- 

ally, we demonstrate inverse morphing (Polymorphing I) and lo- 

alized morphing (Polymorphing II). The former ( Fig. 1 c) is ob- 

ained through a uniform switch of temperature from heating to 

ooling ( T 2 < T 0 ), a stimulus inversion yielding a curvature rever- 

al in the target shape; the latter ( Fig. 1 d) leverages a local ther-

al exposure to morph the truss in individual regions. Finally, the 

timulus removal with temperature returning to T 0 ( Fig. 1 d-a) en- 

cts fully reversible morphing, where truss morphing reverts to the 

nitially unmorphed state due to the passive nature of the truss 

onstituents. 

. Results 

This section first presents a single unit cell and explains its 

emperature-responsive mechanism of spatial deformation, fol- 

owed by a description of their ensemble into homogeneous and 

eterogeneous truss metamaterials attaining global transforma- 

ions. We then describe a scheme to achieve structural morphing 

n target that is experimentally validated on proof-of-concept pro- 

otypes. 
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.1. Mechanisms of a temperature-responsive unit cell 

We start with a cuboid, truss-like unit cell composed of four 

acets. Each facet consists of individual trusses arranged in an ax- 

symmetric pattern with opposite facets featuring identical mate- 

ial and geometry ( Fig. 2 a, left). The trusses are grouped into two

ets, the core and frame, composed of passive, thermally respon- 

ive solids that spatially interact to enable temperature-induced 

eformations. In particular, upon an increase in temperature, the 

nit cell deforms through the volumetric expansion of the trusses 

nduced by the CTE mismatch between the core and the frame. 

To capture the effect of the CTE mismatch between the frame 

nd core on the temperature-responsive deformation of our 3D 

nit cell, we first focus on a single facet ( Fig. 2 a, inset) that we

odel as a pin-jointed planar framework (Supplementary Note 1 

nd Supplementary Fig. 1). The insights gained from this first anal- 

sis will ease the understanding of the spatial behavior of our 3D 

ultimaterial truss. To do so an individual facet is pinned along a 

rame edge, and the displacement of joints d can be determined 

rom the temperature-induced elongation e of each truss member, 

hich can be calculated through the analysis of the kinematic ma- 

rix B of the truss (Supplementary Note 1.2): 

B · d = e (1) 

here B is a 7 × 7 matrix, equal to the transpose of its equilib-

ium matrix, for the pin-jointed facet framework. The temperature- 

nduced elongation, e , can be expanded by the product of the 

hange in temperature, �T, CTE for each truss , and the initial truss 

ength s (Supplementary Fig. 1a): 

 = �T · CT E · s = �T 

⎡ 

⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

α1 0 0 0 0 0 0 

0 α2 0 0 0 0 0 

0 0 α3 0 0 0 0 

0 0 0 α4 0 0 0 

0 0 0 0 α5 0 0 

0 0 0 0 0 α6 0 

0 0 0 0 0 0 α7 

⎤ 

⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ 

⎡ 

⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

s 1 
s 2 
s 3 
s 4 
s 5 
s 6 
s 7 

⎤ 

⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ 

(2) 

We then apply the following constraints imposed by the mate- 

ial and geometry of the trusses in the facet as: 

1 = α2 = α7 = α f , α3 = α4 = α5 = α6 = αc (3) 

 2 = 

s 1 
2 

( tan θ1 + cot θ2 ) , s 3 = 

s 1 
2 sin θ2 

, 

s 4 = 

s 1 
2 cos θ1 

, s 5 = s 4 , s 6 = s 3 , s 7 = s 2 (4) 

here αc and αf denote the CTEs of the core and frame. The de- 

ormation of the facet herein is described by the curvature and 

isplacement, the former assessing the deformation amplitude of 

 curve that deviates from a straight line, and the latter denoting 

he direction of curvature. Curvature, k , is defined as the reciprocal 

f the radius of the circle whose center is the intersection point 

f the extensions of two initially parallel frame trusses that rotate 

ue to the thermal stimulus, and the radius is the distance from 

he center to edge of the horizontal frame truss ( Fig. 2 a, right and

upplementary Fig. 1b). The direction of curvature, defined by the 

isplacement component d 2 , is measured as a shift from the initial 

ocation of the horizontal frame truss under a temperature change 

f �T . This shift can be expressed by the relation: 

d 2 
�T 

= l 1 
(
αc − α f 

)(
1 

2 l 3 
l 1 

−tanθ
+ tanθ

)
(5) 

here θ , l 1 , and l 3 are the skew angle and lengths, respec- 

ively, of the horizontal and vertical truss of the facet shown in 

ig. 2 a, left, and have the relationships l = s , l = s , tan θ = 2 l /
1 1 3 2 3 

3 
 1 − tan θ1 = cot θ2 . For a given temperature change and combina- 

ion of CTEs for the frame ( αf ) and core ( αc ), we can characterize

he global deformation of the facet through the curvature and dis- 

lacement, as defined above. For example, if αf = αc , no mismatch 

n CTE exists, and thus no change in curvature can be observed 

pon heating ( k = 0). On the other hand, if αf > αc , the core vol-

metrically expands more than the frame resulting in a positive 

urvature ( k > 0). Alternatively, the frame endowed with greater 

olumetric expansion than the core, i.e., αf < αc , leads to a nega- 

ive curvature ( k < 0) (Supplementary Fig. 1b). In addition to the 

TE, the axial elastic modulus of the core and frame trusses ( E c , E f )

ontributes to the deformation of the rigid-jointed facet. This sug- 

ests that we can quantitatively map the role of the pair of mate- 

ial attributes ( E c / E f and αc −αf ) in the material property space of 

 facet as shown in Fig. 2 a. The constituent materials are assumed 

o remain in the elastic regime during thermal deformation. This 

ap depicts the control exerted by the material properties on the 

eformation mode and the spectrum of curvature values that can 

e attained for a given architecture of the truss facet. A curvature 

istribution with a remarkable range from −4.5 × 10 −3 mm 

−1 to 

.2 × 10 −3 mm 

−1 can be attained by harnessing materials with a 

arge distinction in CTE. 

Expanding from an individual facet, we begin to explore the 

eformation our 3D unit cell with prescribed topology can attain 

or alternative arrangements of materials and geometric param- 

ters. We first select two points in the material property space 

 Fig. 2 a, right), A ( αc −αf = −5.58 × 10 −5 K 

−1 , E c / E f = 51.7) and

 ( αc −αf = 8.4 × 10 −5 K 

−1 , E c / E f = 1.409), each describing a de-

ormed state with either negative or positive curvature, respec- 

ively. Assigning a given material arrangement, i.e., point A or/and 

, at each facet, yields distinct global deformation at the level 

f the unit cell. Three representative choices are examined for 

emonstrative purposes: unit cell A-A ( Fig. 2 b, left), B-B ( Fig. 2 c,

eft) and A-B ( Fig. 2 d, left), each capable of expressing an individual

ode of deformation upon heating. In particular, a unit cell com- 

osed of either material A or B, i.e., A-A or B-B unit cell, displays

ither negative or positive curvatures, k 1 and k 2 , upon an increase 

n temperature, whereas one allocated with both materials A and 

, i.e., A-B unit cell, shows concurrently negative ( k 1 ) and positive 

 k 2 ) curvature. 

The results above demonstrate that the material composition 

f each facet and their arrangement govern the global deforma- 

ion mode of the unit cell. The geometric attributes, on the other 

and, control the magnitude of the response, and are now exam- 

ned. Among the geometric parameters defining our unit cell, we 

ocus here on the skew angles θ and γ , since their role most in- 

uences the unit cell response for a given temperature change of 

20 °C; other geometric parameters are prescribed at the following 

alues: l 1 = l 2 = 19 mm; l 3 = 50 mm; t 0 = 1 mm; t c = 0.5 mm, ma-

erial A; t c = 0.8 mm, material B. The role of θ and γ is mapped in

he geometry spaces visualized in Fig. 2 b-d. Here the map shows 

he attainable ranges of curvatures k 1 , k 2 the unit cell A-A, B-B, 

nd A-B can attain by tuning θ and γ within prescribed ranges. 

s the A-A and B-B unit cells consist of one single material (A or 

) and are mapped within the identical spectrum of skew angles θ
nd γ , the resulting curvature distributions k 1 and k 2 do not differ, 

nd the curvature distribution is displayed as a single profile k 2 ; 

his result applies to k 1 as well when switching the coordinates of 

and γ . As for the A-B unit cell, comprising both material A and 

, two deformation profiles k 1 and k 2 emerge, and two surface re- 

ponses are provided to assess the achievable values of curvatures 

hat are opposite in sign. 

The trends in Fig. 2 show that the larger the skew angle for a 

iven facet, the more sizeable its response. Programming the unit 

ell geometry, in this case through tuning θ and γ , enables to in- 

uce a sizable deformation for a given pair of materials. For exam- 
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Fig. 2. Truss architecture of thermally responsive unit cell and attainable curvatures for given material arrangement. a, left Unit cell composed of four facets with the 

opposite ones characterized by identical material and geometry. Each facet is composed of trusses that consist of two distinct temperature-responsive materials, labeled either 

the core or frame, and arranged in an axisymmetric pattern. a, right Achievable range of curvature, k , for an individual facet measured in the material space ( αc −αf versus E c 
/ E f ; f : frame, c : core) for given temperature change of 120 °C with prescribed dimensions l 1 = 19 mm, l 3 = 50 mm, t 0 = 1 mm, t 1 = 0.5 mm and θ = 74 °. The unit cells consist 

of materials with properties identified by the coordinates of point, A ( −k: αc −αf = −5.58 × 10 −5 K −1 , E c / E f = 51.7) and B ( + k: αc −αf = 8.4 × 10 −5 K −1 , E c / E f = 1.409). b–d, 

left Unit cell A-A, B-B, and A-B, each with its own material arrangement and distinct response to an increase in temperature. Truss bending deformation amplified for visual 

purpose. b–d, right Resulting curvature profiles spanned by skew angles θ and γ within defined ranges, with other dimensions prescribed: (b) l 1 = l 2 = 19 mm, l 3 = 50 mm, 

t 0 = 1 mm, t 1 = t 2 = 0.5 mm (c) l 1 = l 2 = 19 mm, l 3 = 50 mm, t 0 = 1 mm, t 1 = t 2 = 0.8 mm (d) l 1 = l 2 = 19 mm, l 3 = 50 mm, t 0 = 1 mm, t 1 = 0.5 mm, t 2 = 0.8 mm. Insets 

depict unit cell with changes in angle θ ( γ ) at a given γ ( θ ) along continuous curves. By varying the skew angle from 59 ° to 79 °, the absolute values of curvature increase 

by: (b) 286.4% in k 2 ( k 1 ) at θ ( γ ) = 71 °, (c) 335.3% in k 2 ( k 1 ) at θ ( γ ) = 75 °, (d) 290% in k 1 at γ = 65 ° and 333.3% in k 2 at θ = 71 °. 

4 
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le, by varying γ ( θ ) from 59 ° to 79 ° the absolute change in k 2 ( k 1 )

s 286.4% at θ ( γ ) = 71 ° for the unit cell A-A ( Fig. 2 b), and 335.3%

t θ ( γ ) = 75 ° for the unit cell B-B ( Fig. 2 c). On the other hand,

n increment of θ from 59 ° to 79 ° generates an absolute change 

f 290% in k 1 at γ = 65 ° and an identical increase of γ results in

 333.3% gain in k 2 at θ = 71 ° for the unit cell A-B ( Fig. 2 d). In

ddition to the skew angles θ and γ , other geometric parameters, 

uch as the frame length ratio l 1 / l 3 , l 2 / l 3 , the core-frame thick-

ess ratio t 1 / t 0 , t 2 / t 0 and the frame thickness t 0 , can be tuned

ut the results show a narrow capacity for cell response tailoring 

Supplementary Note 2 and Supplementary Fig. 2). 

.2. Encoded ensembles of unit cells for thermally responsive truss 

etasurfaces 

We now expand upon the unit cell and showcase how their en- 

emble can act collectively as an integral lattice to create a rich 

et of global shape transformations. The Gaussian curvature, K , is 

ntroduced to characterize the surfaces generated from an initially 

at plane representing the joined upper faces of the lattice. The 

nit cell assembly can be varied by manipulating its core/frame 

aterial composition, geometry, or periodicity, resulting in distinct 

eformed surfaces featuring either positive ( K > 0), neutral ( K = 0), 

r negative ( K < 0) Gaussian curvature. Here, we first examine 

omogenous trusses of uniform tessellations featuring one single 

ype of unit cell, and then in the next section illustrate the po- 

ential of combining dissimilar unit cells for shape morphing on 

arget. 

As an illustrative example, to achieve a global geometry with 

ositive K such as a spherical lattice, Fig. 3 a, left shows that it is

ufficient to tessellate a single B-B into a square lattice; whereas to 

btain a global geometry with negative K , such as a saddle lattice, 

e can switch the type B-B unit to the A-B unit cell, and tessellate 

he latter again in the squared pattern ( Fig. 3 a, right). 

Other transformations can also be obtained by manipulating the 

attice tessellation and material composition. For example, two dis- 

inct morphed shapes, cylindrical helix ( K = 0) and twisted helix ( K

 0), can be obtained by assigning dissimilar materials to the cores 

f constitutive unit cells that are tessellated in an inclined rib- 

on pattern. In particular, a cylindrical-helix lattice featuring zero 

aussian curvature K necessitates the introduction of anisotropic 

urvatures with one zero ( k 1 = 0) and the other nonzero ( k 2 > 0)

long perpendicular directions. This can be realized if the unit cells 

re allocated with material B and another pair, where the frame 

nd core share a given material ( Fig. 3 b, left). On the other hand, to

chieve a twisted helical shape with negative Gaussian curvature K , 

he use of A-B unit cells can simultaneously generate positive and 

egative curvatures ( Fig. 3 b, right). 

While the above homogeneous lattice design can accomplish a 

ariety of global transformations from an initially flat configura- 

ion, heterogeneous lattices with skew angle gradients can be pro- 

rammed to expand the geometric diversity of the attainable mor- 

hing shapes. For example in Fig. 3 c, the lattice is divided into two

egments with the skew angle of the unit cells γ 1 = 65.2 ° on the 

eft and γ 2 = 69.9 ° on the right, and the material arrangement, as 

ell as other geometries, are identical across the rectangular lat- 

ice. The results show that distinct magnitudes of curvature can 

e introduced within the ribbon upon heating, yielding a double- 

piral shape ( Fig. 3 c). 

.3. Morphing on target via encoded unit cells 

So far, we have created a variety of metasurfaces with either 

ositive, zero, or negative constant values of Gaussian curvature, 

s well as curvature gradients using homogenous and heteroge- 

eous aggregates of unit cells. Here, we take a step forward and 
5 
emonstrate how to obtain morphing-on-target shapes of broader 

eometric diversity, allowing for multiple Gaussian curvature val- 

es to be concurrently encoded into a single lattice. 

The strategy that we pursue here is to program the global 

esponse to temperature through the local tuning of each unit 

ell response, thus generating a lattice ensemble that collectively 

orphs into a predefined shape. To demonstrate this route, we 

rst consider a generic target surface with varying curvatures that 

s generated by extruding one curve, C P , along another, C V ( Fig. 4 a).

he surface is then discretized, resulting in a 21 × 22 target sur- 

ace mesh with equidistant spacing l along X and Y direction in 

ur surface ( Fig. 4 b). Through this discretization, the curves on the 

urface can be closely approximated by the aggregation of straight- 

ine segments between adjacent vertices (Supplementary Fig. 3b). 

e then extract the 3D coordinates of each vertex on the mesh 

nd compute the curvature values at each vertex. Each value of 

urvature is averaged along each line segment, and the full curva- 

ure field is then mapped to the target surface mesh ( Fig. 4 b). 

The target surface mesh is subsequently flattened onto the X-Y 

lane and the coordinates (x, y) of each vertex are calculated. As 

he curve C P locates in the X-Z plane, the flattened curve C P is su-

erimposed on the X axis, causing the y coordinates of the vertices 

n it to equal zero, i.e., P i 
′ ( x ′ p i , 0 ) . Similarly, the x coordinates of 

he vertices on the flattened curve C V overlaid on the y axis equal 

ero, i.e., V j 
′ ( 0 , y ′ v j ) . The missing components of the ( x, y ) coordi-

ates of the points on the flattened curve C P and C V can then be

btained by superimposing on the corresponding zero coordinates 

he lengths of line segments connecting neighboring points, which 

an be mathematically expressed as: 

x ′ p i = 

i −1 ∑ 

m =1 

‖ p m +1 − p m 

‖ i = 2 , .. 22 

(6) 

y ′ v j = 

j−1 ∑ 

n =1 

‖ v n +1 − v n ‖ j = 2 , .. 23 

(7) 

here ‖ p m +1 − p m 

‖ denotes the distance between the point P m 

nd P m + 1 ( m = 1,2,..21) along C P and ‖ v n +1 − v n ‖ represents the 

istance between the point V n and V n + 1 ( n = 1,2,..22) along C V 
Supplementary Fig. 4). By this means, we can obtain the planar 

oordinates of any given point G 

′ 
i, j 

( x ′ g i , y 
′ 
g j 

) in the X-Y plane that is

ssociated with G i, j in space: 

x ′ g i = 

i −1 ∑ 

m =1 

‖ g m +1 , j − g m , j ‖ i = 2 , .. 22 

(8) 

y ′ g j = 

j−1 ∑ 

n =1 

‖ g i , n +1 − g i , n ‖ j = 2 , .. 23 

(9) 

here ‖ g m +1 , j − g m , j ‖ measures the distance between the adja- 

ent points along the X direction starting from the point V j , while 

 g i , n +1 − g i , n ‖ calculates the length of the line segment along the 

 direction originating from the point P i . Once we access the com- 

lete information of the flattened mesh in the X-Y plane, the pre- 

iously computed curvature field is mapped to the flattened mesh 

s well ( Fig. 4 b). During the flattening process, we assume a linear

n-plane growth owing to a thermal expansion value that is neg- 

igible compared to the original lattice dimension as its amplitude 

or a temperature change of 120 °C is limited to the order of 10 −2 .

The next step involves encoding the geometric and material in- 

ormation of the unit cells to match the curvature field of the tar- 

et surface. We prescribe the length and thickness of our unit cells, 

nd then determine their material and geometric attributes capa- 

le of matching the target curvature of the discretized surface. As 

he control over two curvatures k 1 and k 2 of a unit cell via the 

kew angles θ and γ is coupled, minute differences appear in the 

alculated values of θs and γ s for unit cells along y and x, re- 

pectively. To connect those units with minor variations in θ or 
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Fig. 3. A wide variety of morphologies emerging upon uniform heating from alternative aggregates of unit cells. Initial configurations and deformed lattices are 

depicted in subplots from top to bottom a, top Square lattice composed of B-B (left) and A-B (right) unit cells, respectively, in undeformed state. a, bottom Spherical ( K > 

0) and saddle ( K < 0) shape attained from the initially flat lattice after applying a temperature change of 120 °C. Insets show close-up of the lattice. b, top Inclined narrow 

stack of unit cells in undeformed state. In the left representative unit cell, material B is assigned to two opposite facets and another pair, where the frame and core share 

the same material, is assigned to the others, whereas the right representative unit cell consists of material A. b, bottom Cylindrical helix ( K = 0) and twisted helix ( K < 0) 

transformed from a narrow ribbon shape, upon a temperature change of 120 °C. Insets show close-up of the lattice. c, left Rectangular lattice comprising unit cells with 

skew angle gradients, i.e., γ 1 = 65.2 ° on the left segment, and γ 2 = 69.9 ° on the right. c, right Double spiral formed under an applied temperature change by introducing in 

the lattice curvature gradients derived from the disparity of the skew angle γ . Insets show close-up of the lattice. 

γ
a

p
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g

g

c

o

g

, the weighted average value of the skew angle is evaluated and 

ssigned to the unit cells. Finally, the unit cells embedded with 

rogrammed material and geometry are assembled into a truss- 

attice surface ( Fig. 4 c) that is capable of reconfiguring into the tar-

et shape when heated to a prescribed temperature ( Fig. 4 d–e). 
6 
To assess the agreement between the deformed lattice and tar- 

et surface, we extract the point cloud of the deformed lattice that 

ontains the 3D coordinates of the midpoint on the top surface 

f each vertical frame truss and align it with the target 3D trian- 

le mesh of the target surface. The nearest neighbor distance be- 
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Fig. 4. Demonstration of 3D shape morphing on target attained by an encoded ensemble of unit cells with locally programmed curvature. a Representative target 

surface. b Discretized and flattened target surface with equidistant grid spacing l mapped with the target curvature field k . c Assembly of unit cells encoded with target 

curvatures through programmed material and geometry attributes. Inset depicts illustrative encoded facets in perpendicular planes. d Morphed configuration of the initially 

flat lattice under a temperature change of 120 °C. e Upper surface extraction of the morphed lattice. f Normalized error distribution derived from the distance between the 

retrieved point cloud of the deformed lattice and the target 3D triangle mesh; 96.2% of points lie in the normalized error range: −0.5 to 0.5. A point with positive error 

locates above the target mesh whereas a point with negative error lies beneath the target mesh. 
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ween each point in the lattice point cloud and the target mesh is 

alculated and normalized. The resulting distribution of the nor- 

alized error shows good agreement with 96.2% of the points 

alling in the range of ± 0.5 ( Fig. 4 f). The inverse design procedure

nd error analysis are explained in more detail in Supplementary 

ote 3. 

.4. Experimental validation 

We now provide a qualitative proof of the types of curvature 

nd combination thereof we can achieve. We manufactured multi- 
7 
aterial samples and tested their shape morphing behavior. Ther- 

al tests were carried out in a heating chamber with temperature 

anging between 25 and 75 °C. Fig. 5 and Supplementary Movie 

 show the results. Upon heating, a saddle shape, a twisted helix, 

oth with negative Gaussian curvature K , and a cylindrical helix 

ith zero K are generated from the flat lattices constructed of unit 

ells arranged in a 5 ×€5 square, 5 ×€15 parallelogram, and 4 × 9 

arallelogram configuration, respectively ( Fig. 5 a–c). These three 

attices employ the same unit cell type and tessellation pattern as 

hose illustrated in Fig. 3 a, right and Fig. 3 b, and show consistent 

eforming tendency upon heating. Next, Fig. 5 d shows a represen- 
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Fig. 5. Multiple metasurfaces of reversible shape morphing achieved through fabricated prototypes under heating. Insets show the material arrangement of unit cell 

for each lattice. a-c Saddle shape ( K < 0), twisted ( K < 0) and cylindrical helix ( K = 0) formed, respectively, from initially flat lattices comprising multiple materials under 

a temperature increase of 50 °C. d–f Representative target surface, computationally calculated and experimentally observed results obtained through a programmed lattice 

when the prescribed temperature change of 50 °C is reached. Scale bars = 26 mm. The left-hand side of images of (a), (b), (c), and (f) show configurations both prior and 

post application of the thermal stimulus, hence demonstrating reversible shape morphing. 
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ative target surface chosen for the experimental validation of our 

orphing on target. The demonstrative surface displays three re- 

ions with Gaussian curvatures K 1 > 0, K 2 < 0, and K 3 > 0, respec-

ively. The specimen consists of 7 × 16 unit cells with their encoded 

aterial and geometric attributes, assembled in a rectangular con- 

guration ( Fig. 5 e). The experimental results ( Fig. 5 f) demonstrate 

hat the upper surface of the encoded truss system can generate 

oth the positive and negative Gaussian values of curvature of the 

arget surface upon an applied temperature range of 50 °C. 
8 
. Discussion 

Aside from the typical square unit cell, alternative unit cell 

hapes, such as triangles, parallelograms, and hexagons, can be 

onstructed by arranging the facets in various ways. A lattice en- 

emble can then be created by tessellating not only one type of 

nit cell, in this case a square unit, but a combination of units of 

istinct shapes. As a result, the encoded lattices are not confined 

o a square layout, expanding the design space for target surfaces. 
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Fig. 6. Localized and inverted lattice deformation through local heating and cooling, load bearing capacity and potential applications. a Stimulus tracking behavior 

achieved by locally heating the multimaterial truss. A flat lattice made up of A-A unit cells bumps up at a specific location upon local heating. The protrusion of the 

lattice tracks the thermal stimulus, here applied clockwise for demonstrative purposes ( 1 ©→ 2 ©→ 3 ©→ 4 ©), resulting in a heat source tracking behavior. b Lattice featuring 

identical material arrangement deforming into a saddle shape with opposite curvature directions when switching heating to cooling. Scale bars = 26 mm. c Cylindrical helix 

transformed from a lattice comprising two materials arranged in a narrow ribbon shape upon cooling. Scale bars = 26 mm. d Sequential transformations of the programmed 

lattice obtained from a cycle of cooling and local heating. When the stimulus shifts from heating to cooling, the morphing-on-target lattice undergoes inverse deformation 

(Polymorphing I). Next, a dented area bumps up when this region experiences an increase in temperature, leading to a distinct shape (Polymorphing II). e Load bearing 

capacity of the cylindrical-helix lattice in both its undeformed and deformed states. Scale bars = 26 mm. f Compliant solar array transforming with the changing position of 

the heat source without onboard electronics. g Space shelter for explorers and equipment. The left-hand side of images of (b), (c), and (e) show configurations both prior 

and post application of the thermal stimulus, hence demonstrating reversible shape morphing. 

9 
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As opposed to programming the internal attributes of a con- 

truct, i.e., its material and geometric properties, to obtain mani- 

old shape morphing, the external stimuli, in this case temperature, 

an be also modified to explore the morphing evolutions over time. 

urrent strategies have typically achieved self-folding via locally 

pplied stimulus [ 43 , 44 ]. In this work, we demonstrate inverse and

ocalized deformation by applying external activation in local and 

everse manner. Specifically, localized deformation has been intro- 

uced through local application of a thermal source, in addition to 

he uniformly applied heating yielding global lattice transforma- 

ion. For example, a lattice made up of A-A unit cells ( k 1 , k 2 < 0),

hich morphs into a spherical shape under uniform heating, can 

e locally deformed by selectively heating the lattice at a given lo- 

ation ( Fig. 6 a). Here for demonstrative purpose, the thermal stim- 

lus is applied starting from the back left corner and rotating 

lockwise ( 1 ©→ 2 ©→ 3 ©→ 4 ©), resulting in stimulus tracking, a be- 

avior where the protrusion of the lattice follows the heat source. 

The rich set of 3D geometries so far presented have been real- 

zed under heating; however, further shape morphing can be in- 

roduced with a stimulus reversal. Specifically, we demonstrated 

hat when the stimulus switches from heating to cooling, the lat- 

ices can exhibit inverse curvature values under the assumption 

hat the material properties are unvarying. This inverse deforma- 

ion arises from the inverse relationship of the volumetric change 

etween the constituent materials when the stimulus shifts from 

eating to cooling. A set of experiments were conducted to val- 

date this. When switching the stimulus from heating to cooling, 

 flat 10 × 10 square lattice ( Fig. 6 b), which has the material ar-

angement of that in Fig. 3 a, right, and Fig. 5 a, deforms into a sad-

le shape as well, but its deformed curvatures are in the opposite 

irection. Similarly, a bi-material narrow strip specimen ( Fig. 6 c), 

omposed of 4 × 9 unit cells and characterized with the material 

attern shown in Fig. 3 b, left, forms a cylindrical helix that curves 

n the opposite direction due to the shift from heating to cooling. 

By combining heating or cooling, either globally or locally, the 

esign space of our spatial multimaterial lattices can be expanded 

o achieve polymorphing. As an illustrative example, the target 

attice discussed in Fig. 4 obtained by heating the encoded flat 

attice to a prescribed temperature ( Fig. 6 d, left; Supplementary 

ovie 2), is cooled down below the original temperature to trans- 

orm into Polymorphing I, an inverse transformation of the lattice 

 Fig. 6 d, middle; Supplementary Movie 2). Next, by superimposing 

ocal heating at a specific spot, the curvature values are inverted in 

he region that was previously dented, resulting in Polymorphing II 

 Fig. 6 d, right; Supplementary Movie 2). 

In addition to the morphing characteristics, we show the load 

earing capacity of the lattices through a set of experiments 

 Fig. 6 e), where the lattice specimen (190.5 g) presented in Fig. 6 c

s capable of carrying 450 g weight, nearly 2.4 times its own 

eight, in both its undeformed and deformed states. More details 

n the demonstration of load bearing ability are available in Sup- 

lementary Note 4 and Supplementary Fig. 6. 

We envision our multimaterial truss design could be applied 

n a range of applications, including space-faring scenarios, where 

nvironmental temperature variations are significant and readily 

vailable. For example, to provide sufficient energy for space ex- 

loration and immigration, the local temperature-responsive fea- 

ure of our lattices could be integrated into a compliant solar en- 

rgy system. In the case of a nonuniform temperature distribution 

aused by changes in the angle of solar radiation across a mas- 

ive solar array, the solar panels can track the heat source with- 

ut needing additional sensors or motors ( Fig. 6 f). The experimen- 

al validation of the localized deformation is included in Supple- 

entary Note 5 and Supplementary Fig. 7. Our multimaterial truss 

ould also function as a temporary shelter or cover for explor- 

rs and delicate equipment on exoplanets that only appear under 
10 
 given temperature fluctuation ( Fig. 6 g). Other potential applica- 

ions include a space-based optical mirror that can adjust reflec- 

ion direction of light or signal without onboard actuators by virtue 

f surface deformation over a temperature variation. Because of the 

nitially flat configuration, substantial room can be saved during 

aunch or for storage. These packed appliances can in turn recon- 

gure into desired 3D structures that meet specific design require- 

ents by leveraging extraterrestrial environment temperatures. 

In addition to the positive temperature changes, negative vari- 

tions in temperature are another scenario in outer space due to 

ay-night shift. Space instruments typically are designed to work 

uring the day and get into sleep mode at night. However, with 

he capability of multiple morphologies through a single lattice in 

esponse to both positive and negative temperature changes, these 

nstruments that rely on the lattice deformation by leveraging pre- 

ictable temperature fluctuations can work not only during the day 

ut also at night. 

Another reason our framework has promising practical applica- 

ions is its capacity to transform into distinct shapes without hav- 

ng to modify the entire construct, which may benefit savings in 

aterials and manufacturing time, particularly in engineering ap- 

lications where resources are very limited and valuable. As an il- 

ustrative example in Fig. 3 a, by replacing half of the red cores ( k 1 
 0) with the blue ones that feature dissimilar characteristic ( k 1 
 0) while keeping the frame unaltered, the lattice that was de- 

igned to display spherical shape alternatively turns into a saddle 

hape under the same stimulus. 

. Conclusions 

The ability to generate complex 3D truss surfaces from an ini- 

ially flat configuration can open a unique paradigm for structural 

hape morphing that can find applications in a broad range of en- 

ineering sectors. In this work, we have introduced a 3D truss con- 

ept for the unit cell that differs from existing thin layered struc- 

ures [ 31 , 41 , 45 ] and can employ passive materials, resulting in stiff

nd lightweight structural architecture with morphing reversibil- 

ty. We have showcased how the unit can be tuned across a range 

f geometric and material features; with the achievable ranges of 

urvature, the encoded ensembles of unit cells enable a rich set of 

orphologies in response to a temperature stimulus. More com- 

lex predefined surfaces with multiple Gaussian curvatures can be 

chieved by encoding a target curvature field into the aggregate of 

nit cells when the prescribed temperature change is reached. 

Our platform can be broadened to other materials and stim- 

li, provided that the input source would induce a mismatch in 

olumetric change between the constituent solids. The ability of 

D shape programming and polymorphic transformations could ac- 

ommodate a large range of application scenarios, where the vari- 

tions in external stimuli are accessible. The fabrication method is 

ot limited to multimaterial 3D printing, as the frames and cores 

an be manufactured separately and then joined on mission site 

sing current structural engineering techniques for truss assem- 

ly. The size of unit cell can also be scaled up to create a large,

tructure-efficient truss system that can carry its own weight and 

over a large area. Moreover, in this work we employ passive ma- 

erials to attain reversible shape morphing as opposed to active 

aterials, whose use typically requires a tight intertwine between 

hemical recipes and tuned process of fabrication, such as Poly- 

et and HP Multi Jet Fusion. Shape morphing using active materi- 

ls typically necessitate ingredients that can be polymerized and 

ross-linked through synthesis of their composition and molecular 

rchitecture. In contrast, the concept and manufacturing method 

sed in this work contribute to eliminate the dependence on pro- 

ess parameters and material chemistry, hence making the fabrica- 

ion compatible with other off-the-shelf materials. 
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. Material and methods 

.1. Experimental design 

A representative group of materials were chosen for proof- 

f-concept fabrication, and their temperature-independent CTEs 

 α) and Young’s moduli ( E ) within a temperature range be- 

ween 25 and 75 °C were tested with a thermomechanical ana- 

yzer (TMA Q400, TA Instrument) and a test machine (313 Fam- 

ly Universal Test Machine, TESTRESOURCES), respectively: Delrin 

cetal Resin ( αDelrin = 9.9 × 10 −5 K 

−1 , E Delrin = 4693.7 MPa), Ti-6Al- 

 V ( αTi-6Al- 4 V = 1.0 × 10 −5 K 

−1 , E Ti-6Al- 4 V = 106.9 GPa), ULTEM 9085

esin ( αULTEM 9085 = 5.8 × 10 −5 K 

−1 , E ULTEM 9085 = 2243.4 MPa). The 

ollowing are the parameters selected for the unit cell: l 1 = l 2 
 13 mm, l 3 = 50 mm, t f = 4 mm (ULTEM 9085 frame), t c = 0.7 mm

Ti-6Al-4 V core), and t c = 3 mm (Delrin core). Frames and cores 

ere built separately. For middle-CTE frames (ULTEM 9085), we 

sed Fused Deposition Modeling (FDM) technology, for high-CTE 

ores (Delrin) laser cutting, and for low-CTE cores (Ti-6Al-4 V) wire 

lectrical Discharge Machining (EDM). The components were then 

ssembled and bonded together with epoxy (Adhaer 5 Min Epoxy 

ormula Glue). 

Thermal testes were conducted in a customized heating cham- 

er with two 200-Watt heaters. The temperature was controlled 

y a proportion integration differentiation (PID) device (CN7800, 

MEGA), and three fans were utilized to provide a uniform heat- 

ng source. Three thermocouples were placed in different locations 

n the chamber to measure instant air temperature, and an aver- 

ge was calculated for each group of temperature data. To record 

he deformation of samples during temperature increases, pictures 

ere captured with a camera (Grasshopper 5.0 MP with Fujinon 

F25SA-1 lens) through a transparent glass cover on top of the 

eating chamber. 

.2. Finite element analyses and point cloud processing 

Computational analyses were carried out using the commer- 

ial software ABAQUS (Dassault Systèmes Simulia Corp), where the 

hermal deformation of the lattices was calculated with an im- 

licit solver, and geometric nonlinearity was taken into account in 

he analyses. Full 3D models of the unit cell, morphing on target 

attice, polymorphing lattice, and testing samples were simulated 

nder thermal loads. The Young’s moduli and CTEs of the mate- 

ials used in finite element method simulations were assumed to 

emain in the elastic regime: (1) 3.1 GPa and 14.9 × 10 −5 K 

−1 , (2)

.2 GPa and 6.5 × 10 −5 K 

−1 , and (3) 113.8 GPa and 0.92 × 10 −5 K 

−1 .

e employed eight-node linear elements (element type C3D8R) 

ith mesh size equal to a quarter of the frame thickness to dis- 

retize the models after mesh convergence study. The uniformly 

pplied thermal load of heating throughout the simulations is 120 

C, and the uniform cooling applied to the target lattice for poly- 

orphing I retrieval is −60 C, followed by polymorphing II under 

ocal heating of +50 °C. The 3D coordinates of the midpoint on the 

op surface of vertical frames were collected from the deformed 

odels for curvature calculations in the material and geometry 

pace, as well as comparison to the target shape. The Abaqus 

cripting Interface was used, where Python scripts were developed 

or the parametric analysis (material and geometry space) and to 

utomatically assemble unit cells with programmed material and 

eometry into integral encoded lattices such as the one in Fig. 4 c. 

CloudCompare, an open source 3D point cloud processing soft- 

are, was used to process the extracted point cloud of deformed 

attices and quantify the difference between the point cloud and 

arget mesh for error analysis. Details are presented in the Supple- 

entary Note 3.5. 
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