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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 initially 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 resistance, 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 transformations 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.

1. Introduction
Shape morphing in response to external stimuli is extensively
observed in both the natural and synthetic worlds. Pine cones, for
instance, disperse seeds by opening scales in response to changes
in humidity [1], while ﬂytraps capture prey through traps triggered by mechanical actuation [2]. Learning from nature, synthetic materials endowed with a certain degree of shape morphing have been carefully designed to attain speciﬁc responses and
functionalities upon activation, e.g. ampliﬁed actuation [3,4], selfdeployment [5,6], self-folding [7,8], autonomous locomotion [9,10],
time-dependent control [11,12], and logic operation [13,14], that
are often dissimilar from and beyond those of natural and conventional materials. Combined with these characteristics, shape morphing materials hold promise in a wide range of applications, including drug delivery [15,16], biomedical devices [17], smart textiles [18], space exploration [19], and autonomous robots [20,21].
Among several shape morphing systems, those capable of transforming ﬂat conﬁgurations into complex 3D geometries, where
material and geometric attributes are encoded into initially ﬂat
constructs, can attain predeﬁned 3D shapes upon activation. Pro-

∗

Corresponding author.
E-mail address: damiano.pasini@mcgill.ca (D. Pasini).

https://doi.org/10.1016/j.apmt.2022.101432
2352-9407/© 2022 Elsevier Ltd. All rights reserved.

gramming 3D transformations from ﬂat materials has relied on soft
materials shaped in thin geometries that are inherently ﬂoppy, and
mainly use two underlying principles: (i) out-of-plane bending in
multilayered architectures, and/or (ii) instability triggered in ﬂat
matter. The former is generated by stress gradients throughout the
thickness of the material, whereas the latter arises from in-plane
compressive stresses caused by in-plane dimensional changes, as
further explained below.
Out-of-Plane Bending. To create stress gradient throughout the
material thickness, dissimilar materials, each with its own distinct
response to a given stimulus, are typically tessellated in thin layered structures. For example, a bilayered hydrogel with differential swelling ratios has been used for self-folding [22] in an aqueous environment, and a trilayer construct with one shrinking layer
sandwiched between two outer layers has been shown capable
of bending deformation under an increase in temperature [8,11].
In general, the bending curvature of bilayers is programmable
through manipulation of their geometric attributes, such as the
thickness ratio [23,24], as well as material properties, such as the
swelling (or expansion) ratio [22,24] and stiffness ratio [23,25]. For
trilayer structures, bending magnitude can be programmed by rationally employing hinge gaps [8] or bumpers [11]. The deformation mode can also be adjusted to achieve 3D shape morphing.
For example, either single curvature or doubly curved shapes can
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be programmed in bilayers made of isotropic materials by tuning the aspect ratio [26–28], thickness ratio [29,30], and stiffness
ratio [29,30]. Introducing inclusions, oriented at a desired angle
with respect to the main axis of isotropic or anisotropic bilayers,
is another approach to generate morphed shapes such as rolls and
cylindrical or twisted helices [31,32]. While 3D shape morphing
from ﬂat materials via out-of-plane bending has been widely reported, all concepts require laminate architecture, i.e. thin layered
system, either bilayer or trilayer. Furthermore, more complex geometries with nonzero Gaussian curvatures beyond rolls, cylindrical and twisted helices, are uncommon.
Out-of-Plane Buckling. The generation of in-plane compressive
stresses, which leads to out-of-plane buckling, is another approach
used to attain 3D shape morphing. Unlike the bending strategy,
in-plane compressive stresses are typically induced by tessellating dissimilar materials in a single layer. The resulting deformation mode is governed by the tessellation pattern. For example,
liquid crystals can be aligned azimuthally or radially in a circular
polymer ﬁlm to form a cone or saddle shape upon heating [33],
whereas hydrogels with distinct swelling ratios are tessellated in
parallel for the generation of a rolling bi-strip with a transition
area [34], or alternatively aligned at an angle to the long axis of
the sheet to create a range of shapes; these include cylindrical,
twisted or conical helix, conﬁgurations determined by the interplay
between the oblique angle and strip widths gradient upon immersion in an aqueous medium [35]. More complex shapes have been
obtained by encoding into the ﬂat geometry the prescribed metric
tensor, which describes the distance between neighboring points.
When the ﬂat construct undergoes in-plane dimensional changes
upon activation, a desired level of stress can be achieved, and then
released during morphing to minimize the elastic energy [36–38].
This approach, however, poses challenges in controlling the out-ofplane direction of deformation due to the instability induced by
morphing. In-plane compressive stresses can also be induced mechanically by locally attaching a thin top layer to a pre-strained
substrate, resulting in out-of-plane buckling if the substrate is released. For example, complex 3D structures can be produced at
small length scales when planar semiconductor nanoribbons are
subjected to compressive forces owing to the release of the prestretched substrate [39,40]. However, methods for inducing out-ofplane buckling are still limited to thin layers typically made of very
soft and ﬂexible materials.
In addition to the two underlying physical principles mentioned
above, origami and kirigami approaches have been documented for
3D shape transformation; by rationally designing the crease and
cut patterns ﬂat sheets can transform into complex spatial geometries. For example, Dudte et al. [41] use Miura-ori tessellations to
generate curved surfaces, such as a logarithmic spiral and a hyperbolic paraboloid, while non-periodic cut patterns are introduced
into ﬂat sheets, which buckle into 3D shapes, such as a dome
shape and a wrinkle pattern, when pulled at speciﬁc regions [42].
However, origami and kirigami techniques are restricted to thin
sheets, and manual folding, as well as control over the folding direction and angle, becomes increasingly challenging at smaller or
larger length scales.
Here, we demonstrate a reversible, thermally actuated 3D shape
morphing from an initially ﬂat truss architecture made of multiple stiff solids. We introduce a truss-like unit cell that differs from
all the thin layered architectures and other concepts in the literature, resulting in a weight-eﬃcient structure. When subjected to
temperature changes, the 3D unit cell built of multimaterials with
distinct CTE1 displays programmable spatial deformation governed
by the mutual interaction of its truss members. A variety of meta-

1

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 T1 (T1 > T0 , T0 : initial temperature). c
Inverted transformation of the target shape obtained by switching from uniform
heating to cooling T2 (T2 < T0 ), leading to a dissimilar conﬁguration, namely Polymorphing I. d Localized deformation realized upon local application of stimulus, resulting 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.

surfaces consisting of multiple unit cells, are created to match predeﬁned shape targets, each attained via an encoded sequence of
material and geometric attributes; the target can feature multiple
values of Gaussian curvature in response to a given temperature
change that can be either uniformly or locally applied. Fig. 1 illustrates the overall scope of our morphing platform through an
illustrative example. In Fig. 1a, a ﬂat multimaterial spatial lattice
(only upper surface shown) is programmed at the initial temperature (T0 ) with a target curvature ﬁeld to reconﬁgure into a target
shape (Fig. 1b) in response to uniform heating to T1 (T1 > T0 ). In
addition, the design space of existing concepts is here extended
by modulating the applied stimulus locally and in reverse, the former reported merely only for self-folding [43,44], and the latter,
i.e., stimulus reversal rarely documented in bending and buckling
strategies. By combining heating or cooling, either globally or locally, we demonstrate inverse morphing (Polymorphing I) and localized morphing (Polymorphing II). The former (Fig. 1c) is obtained through a uniform switch of temperature from heating to
cooling (T2 < T0 ), a stimulus inversion yielding a curvature reversal in the target shape; the latter (Fig. 1d) leverages a local thermal exposure to morph the truss in individual regions. Finally, the
stimulus removal with temperature returning to T0 (Fig. 1d-a) enacts fully reversible morphing, where truss morphing reverts to the
initially unmorphed state due to the passive nature of the truss
constituents.

2. Results
This section ﬁrst presents a single unit cell and explains its
temperature-responsive mechanism of spatial deformation, followed by a description of their ensemble into homogeneous and
heterogeneous truss metamaterials attaining global transformations. We then describe a scheme to achieve structural morphing
on target that is experimentally validated on proof-of-concept prototypes.

Coeﬃcient of thermal expansion
2

R. Ma, L. Liu, O. Wyman et al.

Applied Materials Today 27 (2022) 101432

l1 − tanθ 1 = cotθ 2 . For a given temperature change and combination of CTEs for the frame (α f ) and core (α c ), we can characterize
the global deformation of the facet through the curvature and displacement, as deﬁned above. For example, if α f = α c , no mismatch
in CTE exists, and thus no change in curvature can be observed
upon heating (k = 0). On the other hand, if α f > α c , the core volumetrically expands more than the frame resulting in a positive
curvature (k > 0). Alternatively, the frame endowed with greater
volumetric expansion than the core, i.e., α f < α c , leads to a negative curvature (k < 0) (Supplementary Fig. 1b). In addition to the
CTE, the axial elastic modulus of the core and frame trusses (Ec , Ef )
contributes to the deformation of the rigid-jointed facet. This suggests that we can quantitatively map the role of the pair of material attributes (Ec / Ef and α c − α f ) in the material property space of
a facet as shown in Fig. 2a. The constituent materials are assumed
to remain in the elastic regime during thermal deformation. This
map depicts the control exerted by the material properties on the
deformation mode and the spectrum of curvature values that can
be attained for a given architecture of the truss facet. A curvature
distribution with a remarkable range from −4.5 × 10−3 mm−1 to
7.2 × 10−3 mm−1 can be attained by harnessing materials with a
large distinction in CTE.
Expanding from an individual facet, we begin to explore the
deformation our 3D unit cell with prescribed topology can attain
for alternative arrangements of materials and geometric parameters. We ﬁrst select two points in the material property space
(Fig. 2a, right), A (α c − α f = −5.58 × 10−5 K−1 , Ec / Ef = 51.7) and
B (α c − α f = 8.4 × 10−5 K−1 , Ec / Ef = 1.409), each describing a deformed state with either negative or positive curvature, respectively. Assigning a given material arrangement, i.e., point A or/and
B, at each facet, yields distinct global deformation at the level
of the unit cell. Three representative choices are examined for
demonstrative purposes: unit cell A-A (Fig. 2b, left), B-B (Fig. 2c,
left) and A-B (Fig. 2d, left), each capable of expressing an individual
mode of deformation upon heating. In particular, a unit cell composed of either material A or B, i.e., A-A or B-B unit cell, displays
either negative or positive curvatures, k1 and k2 , upon an increase
in temperature, whereas one allocated with both materials A and
B, i.e., A-B unit cell, shows concurrently negative (k1 ) and positive
(k2 ) curvature.
The results above demonstrate that the material composition
of each facet and their arrangement govern the global deformation mode of the unit cell. The geometric attributes, on the other
hand, control the magnitude of the response, and are now examined. Among the geometric parameters deﬁning our unit cell, we
focus here on the skew angles θ and γ , since their role most inﬂuences the unit cell response for a given temperature change of
120 °C; other geometric parameters are prescribed at the following
values: l1 = l2 = 19 mm; l3 = 50 mm; t0 = 1 mm; tc = 0.5 mm, material A; tc = 0.8 mm, material B. The role of θ and γ is mapped in
the geometry spaces visualized in Fig. 2b-d. Here the map shows
the attainable ranges of curvatures k1 , k2 the unit cell A-A, B-B,
and A-B can attain by tuning θ and γ within prescribed ranges.
As the A-A and B-B unit cells consist of one single material (A or
B) and are mapped within the identical spectrum of skew angles θ
and γ , the resulting curvature distributions k1 and k2 do not differ,
and the curvature distribution is displayed as a single proﬁle k2 ;
this result applies to k1 as well when switching the coordinates of
θ and γ . As for the A-B unit cell, comprising both material A and
B, two deformation proﬁles k1 and k2 emerge, and two surface responses are provided to assess the achievable values of curvatures
that are opposite in sign.
The trends in Fig. 2 show that the larger the skew angle for a
given facet, the more sizeable its response. Programming the unit
cell geometry, in this case through tuning θ and γ , enables to induce a sizable deformation for a given pair of materials. For exam-

2.1. Mechanisms of a temperature-responsive unit cell
We start with a cuboid, truss-like unit cell composed of four
facets. Each facet consists of individual trusses arranged in an axisymmetric pattern with opposite facets featuring identical material and geometry (Fig. 2a, left). The trusses are grouped into two
sets, the core and frame, composed of passive, thermally responsive solids that spatially interact to enable temperature-induced
deformations. In particular, upon an increase in temperature, the
unit cell deforms through the volumetric expansion of the trusses
induced by the CTE mismatch between the core and the frame.
To capture the effect of the CTE mismatch between the frame
and core on the temperature-responsive deformation of our 3D
unit cell, we ﬁrst focus on a single facet (Fig. 2a, inset) that we
model as a pin-jointed planar framework (Supplementary Note 1
and Supplementary Fig. 1). The insights gained from this ﬁrst analysis will ease the understanding of the spatial behavior of our 3D
multimaterial truss. To do so an individual facet is pinned along a
frame edge, and the displacement of joints d can be determined
from the temperature-induced elongation e of each truss member,
which can be calculated through the analysis of the kinematic matrix B of the truss (Supplementary Note 1.2):

B·d =e

(1)

where B is a 7 × 7 matrix, equal to the transpose of its equilibrium matrix, for the pin-jointed facet framework. The temperatureinduced elongation, e, can be expanded by the product of the
change in temperature, T, CTE for each truss, and the initial truss
length s (Supplementary Fig. 1a):

⎡
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(2)

6

s7

We then apply the following constraints imposed by the material and geometry of the trusses in the facet as:

α1 = α2 = α7 = α f , α3 = α4 = α5 = α6 = αc
s1
s1
,
(tan θ1 + cot θ2 ), s3 =
2
2 sin θ2
s1
s4 =
, s5 = s4 , s6 = s3 , s7 = s2
2 cos θ1

(3)

s2 =

(4)

where α c and α f denote the CTEs of the core and frame. The deformation of the facet herein is described by the curvature and
displacement, the former assessing the deformation amplitude of
a curve that deviates from a straight line, and the latter denoting
the direction of curvature. Curvature, k, is deﬁned as the reciprocal
of the radius of the circle whose center is the intersection point
of the extensions of two initially parallel frame trusses that rotate
due to the thermal stimulus, and the radius is the distance from
the center to edge of the horizontal frame truss (Fig. 2a, right and
Supplementary Fig. 1b). The direction of curvature, deﬁned by the
displacement component d2 , is measured as a shift from the initial
location of the horizontal frame truss under a temperature change
of T. This shift can be expressed by the relation:
d2

T

= l1



αc − α f

2l3
l1

1
−tanθ

+ tanθ

(5)

where θ , l1 , and l3 are the skew angle and lengths, respectively, of the horizontal and vertical truss of the facet shown in
Fig. 2a, left, and have the relationships l1 = s1 , l3 = s2 , tanθ = 2l3 /
3
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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 (α c − α f versus Ec
/ Ef ; f: frame, c: core) for given temperature change of 120 °C with prescribed dimensions l1 = 19 mm, l3 = 50 mm, t0 = 1 mm, t1 = 0.5 mm and θ = 74°. The unit cells consist
of materials with properties identiﬁed by the coordinates of point, A (−k: α c − α f = −5.58 × 10− 5 K−1 , Ec / Ef = 51.7) and B (+k: α c − α f = 8.4 × 10− 5 K−1 , Ec / Ef = 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) l1 = l2 =19 mm, l3 = 50 mm,
t0 = 1 mm, t1 = t2 = 0.5 mm (c) l1 = l2 = 19 mm, l3 = 50 mm, t0 = 1 mm, t1 = t2 = 0.8 mm (d) l1 = l2 = 19 mm, l3 = 50 mm, t0 = 1 mm, t1 = 0.5 mm, t2 = 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 k2 (k1 ) at θ (γ ) = 71°, (c) 335.3% in k2 (k1 ) at θ (γ ) = 75°, (d) 290% in k1 at γ = 65° and 333.3% in k2 at θ = 71°.
4

R. Ma, L. Liu, O. Wyman et al.

Applied Materials Today 27 (2022) 101432

ple, by varying γ (θ ) from 59° to 79° the absolute change in k2 (k1 )
is 286.4% at θ (γ ) = 71° for the unit cell A-A (Fig. 2b), and 335.3%
at θ (γ ) = 75° for the unit cell B-B (Fig. 2c). On the other hand,
an increment of θ from 59° to 79° generates an absolute change
of 290% in k1 at γ = 65° and an identical increase of γ results in
a 333.3% gain in k2 at θ = 71° for the unit cell A-B (Fig. 2d). In
addition to the skew angles θ and γ , other geometric parameters,
such as the frame length ratio l1 / l3 , l2 / l3 , the core-frame thickness ratio t1 / t0 , t2 / t0 and the frame thickness t0 , can be tuned
but the results show a narrow capacity for cell response tailoring
(Supplementary Note 2 and Supplementary Fig. 2).

demonstrate how to obtain morphing-on-target shapes of broader
geometric diversity, allowing for multiple Gaussian curvature values to be concurrently encoded into a single lattice.
The strategy that we pursue here is to program the global
response to temperature through the local tuning of each unit
cell response, thus generating a lattice ensemble that collectively
morphs into a predeﬁned shape. To demonstrate this route, we
ﬁrst consider a generic target surface with varying curvatures that
is generated by extruding one curve, CP , along another, CV (Fig. 4a).
The surface is then discretized, resulting in a 21 × 22 target surface mesh with equidistant spacing l along X and Y direction in
our surface (Fig. 4b). Through this discretization, the curves on the
surface can be closely approximated by the aggregation of straightline segments between adjacent vertices (Supplementary Fig. 3b).
We then extract the 3D coordinates of each vertex on the mesh
and compute the curvature values at each vertex. Each value of
curvature is averaged along each line segment, and the full curvature ﬁeld is then mapped to the target surface mesh (Fig. 4b).
The target surface mesh is subsequently ﬂattened onto the X-Y
plane and the coordinates (x, y) of each vertex are calculated. As
the curve CP locates in the X-Z plane, the ﬂattened curve CP is superimposed on the X axis, causing the y coordinates of the vertices
on it to equal zero, i.e., Pi  (xpi , 0 ). Similarly, the x coordinates of
the vertices on the ﬂattened curve CV overlaid on the y axis equal
zero, i.e., V j  (0, yv j ). The missing components of the (x, y) coordi-

2.2. Encoded ensembles of unit cells for thermally responsive truss
metasurfaces
We now expand upon the unit cell and showcase how their ensemble can act collectively as an integral lattice to create a rich
set of global shape transformations. The Gaussian curvature, K, is
introduced to characterize the surfaces generated from an initially
ﬂat plane representing the joined upper faces of the lattice. The
unit cell assembly can be varied by manipulating its core/frame
material composition, geometry, or periodicity, resulting in distinct
deformed surfaces featuring either positive (K > 0), neutral (K = 0),
or negative (K < 0) Gaussian curvature. Here, we ﬁrst examine
homogenous trusses of uniform tessellations featuring one single
type of unit cell, and then in the next section illustrate the potential of combining dissimilar unit cells for shape morphing on
target.
As an illustrative example, to achieve a global geometry with
positive K such as a spherical lattice, Fig. 3a, left shows that it is
suﬃcient to tessellate a single B-B into a square lattice; whereas to
obtain a global geometry with negative K, such as a saddle lattice,
we can switch the type B-B unit to the A-B unit cell, and tessellate
the latter again in the squared pattern (Fig. 3a, right).
Other transformations can also be obtained by manipulating the
lattice tessellation and material composition. For example, two distinct morphed shapes, cylindrical helix (K = 0) and twisted helix (K
< 0), can be obtained by assigning dissimilar materials to the cores
of constitutive unit cells that are tessellated in an inclined ribbon pattern. In particular, a cylindrical-helix lattice featuring zero
Gaussian curvature K necessitates the introduction of anisotropic
curvatures with one zero (k1 = 0) and the other nonzero (k2 > 0)
along perpendicular directions. This can be realized if the unit cells
are allocated with material B and another pair, where the frame
and core share a given material (Fig. 3b, left). On the other hand, to
achieve a twisted helical shape with negative Gaussian curvature K,
the use of A-B unit cells can simultaneously generate positive and
negative curvatures (Fig. 3b, right).
While the above homogeneous lattice design can accomplish a
variety of global transformations from an initially ﬂat conﬁguration, heterogeneous lattices with skew angle gradients can be programmed to expand the geometric diversity of the attainable morphing shapes. For example in Fig. 3c, the lattice is divided into two
segments with the skew angle of the unit cells γ 1 = 65.2° on the
left and γ 2 = 69.9° on the right, and the material arrangement, as
well as other geometries, are identical across the rectangular lattice. The results show that distinct magnitudes of curvature can
be introduced within the ribbon upon heating, yielding a doublespiral shape (Fig. 3c).

nates of the points on the ﬂattened curve CP and CV can then be
obtained by superimposing on the corresponding zero coordinates
the lengths of line segments connecting neighboring points, which
can be mathematically expressed as:

xpi =
yv j =

i−1
m=1
j−1
n=1

 pm+1 − pm  i = 2, ..22

(6)

vn+1 − vn  j = 2, ..23

(7)

where  pm+1 − pm  denotes the distance between the point Pm
and Pm+1 (m = 1,2,..21) along CP and vn+1 − vn  represents the
distance between the point Vn and Vn+1 (n = 1,2,..22) along CV
(Supplementary Fig. 4). By this means, we can obtain the planar
coordinates of any given point Gi, j (xgi , yg j ) in the X-Y plane that is
associated with Gi, j in space:

xgi =
yg j =

i−1
m=1
j−1
n=1

gm+1, j − gm, j  i = 2, ..22

(8)

gi,n+1 − gi,n  j = 2, ..23

(9)

where gm+1, j − gm, j  measures the distance between the adjacent points along the X direction starting from the point V j , while
gi,n+1 − gi,n  calculates the length of the line segment along the
Y direction originating from the point Pi . Once we access the complete information of the ﬂattened mesh in the X-Y plane, the previously computed curvature ﬁeld is mapped to the ﬂattened mesh
as well (Fig. 4b). During the ﬂattening process, we assume a linear
in-plane growth owing to a thermal expansion value that is negligible compared to the original lattice dimension as its amplitude
for a temperature change of 120 °C is limited to the order of 10−2 .
The next step involves encoding the geometric and material information of the unit cells to match the curvature ﬁeld of the target surface. We prescribe the length and thickness of our unit cells,
and then determine their material and geometric attributes capable of matching the target curvature of the discretized surface. As
the control over two curvatures k1 and k2 of a unit cell via the
skew angles θ and γ is coupled, minute differences appear in the
calculated values of θ s and γ s for unit cells along y and x, respectively. To connect those units with minor variations in θ or

2.3. Morphing on target via encoded unit cells
So far, we have created a variety of metasurfaces with either
positive, zero, or negative constant values of Gaussian curvature,
as well as curvature gradients using homogenous and heterogeneous aggregates of unit cells. Here, we take a step forward and
5
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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 , the weighted average value of the skew angle is evaluated and

To assess the agreement between the deformed lattice and target surface, we extract the point cloud of the deformed lattice that
contains the 3D coordinates of the midpoint on the top surface
of each vertical frame truss and align it with the target 3D triangle mesh of the target surface. The nearest neighbor distance be-

assigned to the unit cells. Finally, the unit cells embedded with
programmed material and geometry are assembled into a trusslattice surface (Fig. 4c) that is capable of reconﬁguring into the target shape when heated to a prescribed temperature (Fig. 4d–e).

6
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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.

tween each point in the lattice point cloud and the target mesh is
calculated and normalized. The resulting distribution of the normalized error shows good agreement with 96.2% of the points
falling in the range of ± 0.5 (Fig. 4f). The inverse design procedure
and error analysis are explained in more detail in Supplementary
Note 3.

material samples and tested their shape morphing behavior. Thermal tests were carried out in a heating chamber with temperature
ranging between 25 and 75 °C. Fig. 5 and Supplementary Movie
1 show the results. Upon heating, a saddle shape, a twisted helix,
both with negative Gaussian curvature K, and a cylindrical helix
with zero K are generated from the ﬂat lattices constructed of unit
cells arranged in a 5 ×€5 square, 5 ×€15 parallelogram, and 4 × 9
parallelogram conﬁguration, respectively (Fig. 5a–c). These three
lattices employ the same unit cell type and tessellation pattern as
those illustrated in Fig. 3a, right and Fig. 3b, and show consistent
deforming tendency upon heating. Next, Fig. 5d shows a represen-

2.4. Experimental validation
We now provide a qualitative proof of the types of curvature
and combination thereof we can achieve. We manufactured multi7
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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.

tative target surface chosen for the experimental validation of our
morphing on target. The demonstrative surface displays three regions with Gaussian curvatures K1 > 0, K2 < 0, and K3 > 0, respectively. The specimen consists of 7 × 16 unit cells with their encoded
material and geometric attributes, assembled in a rectangular conﬁguration (Fig. 5e). The experimental results (Fig. 5f) demonstrate
that the upper surface of the encoded truss system can generate
both the positive and negative Gaussian values of curvature of the
target surface upon an applied temperature range of 50 °C.

3. Discussion
Aside from the typical square unit cell, alternative unit cell
shapes, such as triangles, parallelograms, and hexagons, can be
constructed by arranging the facets in various ways. A lattice ensemble can then be created by tessellating not only one type of
unit cell, in this case a square unit, but a combination of units of
distinct shapes. As a result, the encoded lattices are not conﬁned
to a square layout, expanding the design space for target surfaces.
8
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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
1 →
2 →
3 →
4 ), resulting in a heat source tracking behavior. b Lattice featuring
lattice tracks the thermal stimulus, here applied clockwise for demonstrative purposes (
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.
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As opposed to programming the internal attributes of a construct, i.e., its material and geometric properties, to obtain manifold shape morphing, the external stimuli, in this case temperature,
can be also modiﬁed to explore the morphing evolutions over time.
Current strategies have typically achieved self-folding via locally
applied stimulus [43,44]. In this work, we demonstrate inverse and
localized deformation by applying external activation in local and
reverse manner. Speciﬁcally, localized deformation has been introduced through local application of a thermal source, in addition to
the uniformly applied heating yielding global lattice transformation. For example, a lattice made up of A-A unit cells (k1 , k2 < 0),
which morphs into a spherical shape under uniform heating, can
be locally deformed by selectively heating the lattice at a given location (Fig. 6a). Here for demonstrative purpose, the thermal stimulus is applied starting from the back left corner and rotating
clockwise (
1 →
2 →
3 →
4 ), resulting in stimulus tracking, a behavior where the protrusion of the lattice follows the heat source.
The rich set of 3D geometries so far presented have been realized under heating; however, further shape morphing can be introduced with a stimulus reversal. Speciﬁcally, we demonstrated
that when the stimulus switches from heating to cooling, the lattices can exhibit inverse curvature values under the assumption
that the material properties are unvarying. This inverse deformation arises from the inverse relationship of the volumetric change
between the constituent materials when the stimulus shifts from
heating to cooling. A set of experiments were conducted to validate this. When switching the stimulus from heating to cooling,
a ﬂat 10 × 10 square lattice (Fig. 6b), which has the material arrangement of that in Fig. 3a, right, and Fig. 5a, deforms into a saddle shape as well, but its deformed curvatures are in the opposite
direction. Similarly, a bi-material narrow strip specimen (Fig. 6c),
composed of 4 × 9 unit cells and characterized with the material
pattern shown in Fig. 3b, left, forms a cylindrical helix that curves
in the opposite direction due to the shift from heating to cooling.
By combining heating or cooling, either globally or locally, the
design space of our spatial multimaterial lattices can be expanded
to achieve polymorphing. As an illustrative example, the target
lattice discussed in Fig. 4 obtained by heating the encoded ﬂat
lattice to a prescribed temperature (Fig. 6d, left; Supplementary
Movie 2), is cooled down below the original temperature to transform into Polymorphing I, an inverse transformation of the lattice
(Fig. 6d, middle; Supplementary Movie 2). Next, by superimposing
local heating at a speciﬁc spot, the curvature values are inverted in
the region that was previously dented, resulting in Polymorphing II
(Fig. 6d, right; Supplementary Movie 2).
In addition to the morphing characteristics, we show the load
bearing capacity of the lattices through a set of experiments
(Fig. 6e), where the lattice specimen (190.5 g) presented in Fig. 6c
is capable of carrying 450 g weight, nearly 2.4 times its own
weight, in both its undeformed and deformed states. More details
on the demonstration of load bearing ability are available in Supplementary Note 4 and Supplementary Fig. 6.
We envision our multimaterial truss design could be applied
in a range of applications, including space-faring scenarios, where
environmental temperature variations are signiﬁcant and readily
available. For example, to provide suﬃcient energy for space exploration and immigration, the local temperature-responsive feature of our lattices could be integrated into a compliant solar energy system. In the case of a nonuniform temperature distribution
caused by changes in the angle of solar radiation across a massive solar array, the solar panels can track the heat source without needing additional sensors or motors (Fig. 6f). The experimental validation of the localized deformation is included in Supplementary Note 5 and Supplementary Fig. 7. Our multimaterial truss
could also function as a temporary shelter or cover for explorers and delicate equipment on exoplanets that only appear under

a given temperature ﬂuctuation (Fig. 6g). Other potential applications include a space-based optical mirror that can adjust reﬂection direction of light or signal without onboard actuators by virtue
of surface deformation over a temperature variation. Because of the
initially ﬂat conﬁguration, substantial room can be saved during
launch or for storage. These packed appliances can in turn reconﬁgure into desired 3D structures that meet speciﬁc design requirements by leveraging extraterrestrial environment temperatures.
In addition to the positive temperature changes, negative variations in temperature are another scenario in outer space due to
day-night shift. Space instruments typically are designed to work
during the day and get into sleep mode at night. However, with
the capability of multiple morphologies through a single lattice in
response to both positive and negative temperature changes, these
instruments that rely on the lattice deformation by leveraging predictable temperature ﬂuctuations can work not only during the day
but also at night.
Another reason our framework has promising practical applications is its capacity to transform into distinct shapes without having to modify the entire construct, which may beneﬁt savings in
materials and manufacturing time, particularly in engineering applications where resources are very limited and valuable. As an illustrative example in Fig. 3a, by replacing half of the red cores (k1
> 0) with the blue ones that feature dissimilar characteristic (k1
< 0) while keeping the frame unaltered, the lattice that was designed to display spherical shape alternatively turns into a saddle
shape under the same stimulus.
4. Conclusions
The ability to generate complex 3D truss surfaces from an initially ﬂat conﬁguration can open a unique paradigm for structural
shape morphing that can ﬁnd applications in a broad range of engineering sectors. In this work, we have introduced a 3D truss concept for the unit cell that differs from existing thin layered structures [31,41,45] and can employ passive materials, resulting in stiff
and lightweight structural architecture with morphing reversibility. We have showcased how the unit can be tuned across a range
of geometric and material features; with the achievable ranges of
curvature, the encoded ensembles of unit cells enable a rich set of
morphologies in response to a temperature stimulus. More complex predeﬁned surfaces with multiple Gaussian curvatures can be
achieved by encoding a target curvature ﬁeld into the aggregate of
unit cells when the prescribed temperature change is reached.
Our platform can be broadened to other materials and stimuli, provided that the input source would induce a mismatch in
volumetric change between the constituent solids. The ability of
3D shape programming and polymorphic transformations could accommodate a large range of application scenarios, where the variations in external stimuli are accessible. The fabrication method is
not limited to multimaterial 3D printing, as the frames and cores
can be manufactured separately and then joined on mission site
using current structural engineering techniques for truss assembly. The size of unit cell can also be scaled up to create a large,
structure-eﬃcient truss system that can carry its own weight and
cover a large area. Moreover, in this work we employ passive materials to attain reversible shape morphing as opposed to active
materials, whose use typically requires a tight intertwine between
chemical recipes and tuned process of fabrication, such as PolyJet and HP Multi Jet Fusion. Shape morphing using active materials typically necessitate ingredients that can be polymerized and
cross-linked through synthesis of their composition and molecular
architecture. In contrast, the concept and manufacturing method
used in this work contribute to eliminate the dependence on process parameters and material chemistry, hence making the fabrication compatible with other off-the-shelf materials.
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5. Material and methods

Declaration of Competing Interest

5.1. Experimental design

The authors declare that they have no known competing ﬁnancial interests or personal relationships that could have appeared to
inﬂuence the work reported in this paper.

A representative group of materials were chosen for proofof-concept fabrication, and their temperature-independent CTEs
(α ) and Young’s moduli (E) within a temperature range between 25 and 75 °C were tested with a thermomechanical analyzer (TMA Q400, TA Instrument) and a test machine (313 Family Universal Test Machine, TESTRESOURCES), respectively: Delrin
Acetal Resin (α Delrin = 9.9 × 10−5 K−1 , EDelrin = 4693.7 MPa), Ti-6Al4 V (α Ti-6Al- 4 V = 1.0 × 10−5 K−1 , ETi-6Al- 4 V = 106.9 GPa), ULTEM 9085
Resin (α ULTEM 9085 = 5.8 × 10−5 K−1 , EULTEM 9085 = 2243.4 MPa). The
following are the parameters selected for the unit cell: l1 = l2
=13 mm, l3 = 50 mm, tf = 4 mm (ULTEM 9085 frame), tc = 0.7 mm
(Ti-6Al-4 V core), and tc = 3 mm (Delrin core). Frames and cores
were built separately. For middle-CTE frames (ULTEM 9085), we
used Fused Deposition Modeling (FDM) technology, for high-CTE
cores (Delrin) laser cutting, and for low-CTE cores (Ti-6Al-4 V) wire
Electrical Discharge Machining (EDM). The components were then
assembled and bonded together with epoxy (Adhaer 5 Min Epoxy
Formula Glue).
Thermal testes were conducted in a customized heating chamber with two 200-Watt heaters. The temperature was controlled
by a proportion integration differentiation (PID) device (CN7800,
OMEGA), and three fans were utilized to provide a uniform heating source. Three thermocouples were placed in different locations
in the chamber to measure instant air temperature, and an average was calculated for each group of temperature data. To record
the deformation of samples during temperature increases, pictures
were captured with a camera (Grasshopper 5.0 MP with Fujinon
HF25SA-1 lens) through a transparent glass cover on top of the
heating chamber.
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