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Fig. 2. Simulations of totimorphic assemblies using NS units. (A) An NS-net assembled from NS unit cells can also undergo out-of-plane deformation. The
lever and the strut in the unit cell are connected via a spherical joint, and the connections between the neighboring cells are made via regular NS joints
(same DoF as a pin joint; see S/ Appendix, Fig. S7 for details). Zoomed-in views on the right show the joints and their motions. (B) Deployment of a catenoid,
tessellated using 342 NS unit cells (connections highlighted in the zoomed image) into a helicoid (see S/ Appendix, sec. S5). (Inset) The large displacement
of the highlighted section of the catenoid. (C) Eversion of an open cylinder tessellated from 420 unit cells. The top of the cylinder is fixed, while the bottom
end is everted and then displaced vertically in small steps until the entire structure is turned inside-out. All the intermediate states during the eversion are
mechanically stable. (Inset) The folding of an axial strip during eversion.
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Fig. 3.

Experimental models of totimorphic NS units and assemblies. (A) An experimental realization of a two-dimensional NS unit cell with the lever and

strut assembled using laser-cut plastic sheets. The composite image shows different equipotential configurations of the lever with respect to the base link.
The black circle at the bottom of the lever indicates a pin joint and the blue circle indicates the location where the elastic strings are attached (see S/
Appendix, Fig. S3 for further details). (Inset) Schematic of the pin joint showing the internal frictional force that leads to a frictional torque. Although the
configurations shown are equipotential, i.e., their elastic energies are equivalent, a finite torque () is required to overcome internal frictional resistance.
(B) The torque (7) as a function of angle ¥ for unit cells constructed with different spring constants k and the geometric scale L is nearly constant (shown
on a log-linear scale). (Inset) Constant torque is required to perturb the configuration (near ¥ = 7/2). (C) An experimentally realized assembly of two-
dimensional NSS with Poisson’s ratio that is zero (Left) and negative (Right), just as theoretically predicted (Fig. 1 D and E). (D) Experimental realization of a
3D NS-net that morphs into surfaces with zero, positive, and negative Gaussian curvature K. (E) A stimuli-responsive NS-net with gallium-lubricated joints.
When the gallium is in its solid state there is an increase in the internal friction in unit cells enabling load-carrying (ratio of load carried to NS-net weight
shown on top). (F) Exposure to a higher temperature (35°C) melts the gallium in the joints, reducing the internal friction, and hence the threshold torque,

so that the structure collapses under the load.

Then, at each NS joint, neighboring levers/struts can move in
the local tangent plane or normal to it. NS-nets thus represent
a natural generalization of Tchebychev nets (13) by including an
additional local translational DoF at the scale of the unit cell (see
SI Appendix, section S6), in addition to the single orientational
(shear) DoF at every joint,.

Fig. 24 shows an example of a patch of an NS-net consisting
of six unit cells, each with a spherical joint between the lever and
the strut; NS rotation at the spherical joints allows for local out-
of-plane deformation of the patch. Just as in the planar case, the
DoF of such a NS-net can be evaluated using the CGK equation
(12) that yields the expression DoF = 6(n—1) —6g+> 7, fi;
thus, for the assembly shown in Fig. 24, n =14, ¢ =15, f; for
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each spherical joint is 3, and for each NS pin joint is 1, yielding a
total of 19 DoF.

Inverse Design of NS-Nets. To solve the inverse problem of design-
ing NS structural materials that can morph from a planar
periodic structure to a given complex 3D shape we use an opti-
mization approach similar to that recently deployed in other
geometric optimization problems in origami and kirigami design
(14-16). Algorithmically, this corresponds to minimizing the
shape mismatch error between the points on the target sur-
face and equivalent points on the reference structures while
satisfying the geometric constraints of neutral stability, imple-
mented using the optimization routine fmincon in MATLAB.
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The cost function given an initial and target shape then takes
the form

A (i i ~ ()2
&= Z ”a(m) _ 5 7J)H2+ ||b( 3 _ J)H 7 [1]

4]

where ||A[|? =tr?(A) +tr(A%) and a'*) a(") and b)) b))
are the first and second fundamental forms (17) of the initial and
target shapes evaluated at coordinate x(u;, v;) (see SI Appendix,
sectin S4 for details). Since all the deformations of NS-net are
equipotential, one can realize multiple shapes with same net sub-
jected to the local planarity constraints imposed by the NS pin
joints connecting the neighboring unit cells.

SI Appendix, Fig. S4D shows the ability of an NS-net to switch
between two human faces with different geometric features. This
is enabled by the capability of any patch of unit cells within an
array to locally deform without affecting the neutral (mechan-
ical) stability of the neighboring cells. The decoupling of the
geometry from the mechanical response in NSS is in contrast
with classical spring or elastomeric networks whose response to
local perturbations is nonlocal and dimension-dependent. We
characterize the ability of an NS-net to morph into simple objects
such as a cylinder, a sphere, and a hyperboloid and show the
effect of varying the unit cell size on the shape morphing ability
in SI Appendix, Fig. S4 A-C.

While NS-nets with periodic patterns of unit cells are capa-
ble of a range of shape-transforming capabilities, their ability to
morph into shapes with large variations in curvature is limited by
the size of the unit cell. To further the capability of NS-nets to
morph into complex topographies with multiscale features accu-
rately we need to construct nonuniform NS-nets with varying
unit cell size. The problem of tessellating the global minimiza-
tion problem of solving for the entire 3D surface with NS cells in
a single step (via energy minimization) is a nonconvex (and ellip-
tic) problem that arises from the constraints of neutral stability,
and computationally expensive. An alternate approach of work-
ing with this constrained optimization problem is to convert the
problem into a parabolic one using a marching method which
tiles the surface in a stepwise manner, analogous to a recent
additive approach to origami (18).

The tiling process starts by discretizing a selected contour on
the target surface into a set of edges of equal length (see S/
Appendix, Fig. S54), each corresponding to the strut of a unit cell.
We then construct the unit NS cells corresponding to these struts
by finding the appropriate location of the levers. One end of the
lever is at the midpoint of the strut and the other end is found
by minimizing the vertex distance from the surface of the target
shape while satisfying the constraints of neutral stability. This
allows a selected contour on the surface of the target object to
become isomorphic to a connected layer of NS cells. We repeat
this procedure with the optimized locations of the lever ends as
the starting location to find the next connected layer and repeat
the process until the entire surface is covered with NS units as
shown in SI Appendix, Fig. S5SA. All the connections between
individual unit cells are treated as planar NS joints whose plane
of rotation is defined by the orientation of struts and levers on
the tiled surface.

Fig. 2B shows the NS-net tessellation for a catenoid, a surface
with uniform negative Gauss curvature and zero mean curva-
ture, using such a procedure. When the axis of tiling is along
the direction of rapid change in the principal curvature, such
as in the catenoid (see SI Appendix, Fig. S5B), our algorithm
results in large number of units in the high curvature region.
Beginning with a catenoid, a continuous deformation applied
to all NS components morphs it to a helicoid with intermedi-
ate target shapes that are all minimal surfaces (SI Appendix, Eq.
S7). Such a geometric deployment is possible without instabili-
ties such as wrinkles on the NS-net because of the local in-plane
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shear DoF provided by the individual NS units as quantified
in SI Appendix, Fig. S5D. We note that the planar constraints
between the neighboring unit cells imposed by the NS pin joints
restrict arbitrarily large deformations of the NS-net on the global
scale and hence the final achievable shape of the helicoid has
an expected roughness, as evident in Fig. 2B. Using the same
algorithm we also tessellate an open cylinder, a surface with zero
Gauss curvature and uniform mean curvature, and demonstrate
its eversion in Fig. 2C. We carry out this eversion by fixing the top
of the cylinder while deforming the other end axially (details in
SI Appendix, section S5). Note that all the partially everted states
are energetically equivalent and stable. Similar to the catenoid
transition, the local in-plane energy-free shear modes enable
large deformations (shown in SI Appendix, Fig. SSE).

Experimental Realization of Neutrally Stable Assemblies/Structures.
To complement our computational results with physical real-
izations of NS-nets we created neutrally stable unit cells using
laser-cut plastic sheets with the levers attached to the link
through freely rotating pin joints and elastic cords to mimic zero-
length springs (see SI Appendix, Fig. S3). NS unit cells/nets in our
experiments differ from ideal floppy structures as they are inter-
nally stressed. Furthermore, the finite size of the spherical and
pin joints along with the presence of friction implies the need
for a finite torque 7 to rotate the struts at any joint by an angle
9 in each unit cell (Fig. 34, Inset). The value of this torque can
be controlled by changing either the spring stiffness or the lever
length within a unit cell, since this changes the frictional forces
at the joints and thence the torque. In Fig. 3B we see a propor-
tional increase in the torque with increasing spring stiffness &
and lever length L; furthermore, we see that the torque is rela-
tively independent of ¥ over a range of angles (see Fig. 3B, Inset)
(see also SI Appendix, Figs. S8 and S9). This response is reminis-
cent of a rigid-plastic material (19), for long just a mathematical
idealization of plastic behavior in solids, but one that arises here
physically as a consequence of the internal friction at the joints.

In Fig. 3C we show physical realizations of planar NS-nets with
both zero and negative Poisson’s ratio that follow their theoret-
ical idealizations in Fig. 1 D and E (see SI Appendix, Fig. S3 D
and E for details of their mechanical response). To show how
to achieve a shape-morphing NS-net in three dimensions, we use
ball and socket joints to connect the levers and struts within a unit
cell and also to connect neighboring unit cells (see SI Appendix,
Fig. S3F). This allows us to fabricate NS-nets that can form sur-
faces of zero Gauss curvature (e.g., a cylinder), positive Gauss
curvature (e.g., a sphere), and negative Gauss curvature (e.g., a
hyperboloid) as shown in Fig. 3D. In all these cases the deforma-
tions of the NS-net are primarily in the joints connecting nearest
neighbor NS units, just as shown in SI Appendix, Fig. S4B.

Although friction in the NS-net enables a rigid-plastic
response, the structural materials made from NS unit cells do
not have the ability to support substantial loads owing to the
large number of internal DoF. To overcome this limitation and
to move toward an NS-net which can be rigidified on-demand
while retaining the flexibility that arises from neutral stability, we
use the phase-changing property of gallium at near room tem-
peratures (melting point of 30°C) and fill all the ball joints with
gallium (20). Gallium can then act either as a viscous lubricant
in the ball joints in its liquid state (at room temperature) or as
a solid that impedes rotation (at low temperatures). Thus, by
controlling the local joint temperature, we can make the NS-net
multimorphable when the gallium is in liquid state or stiff when
the gallium is in its solid state. This ability to rigidify the NS-net
allows it to support external loads as shown in Fig. 3E, where
a cylindrical NS-net can carry a load until it is heated to about
~ 35°C when the structure buckles and collapses (Fig. 3F).

Our approach of using neutrally stable unit cell-based assem-
blies offers a simple approach to totimorphic assemblies by
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separating the geometry of the assembly from its mechanical
response at both the individual and collective level. The local
geometry of the unit cell can be varied by changing both its over-
all size and the length of the single movable strut, while its plastic
response can be changed by varying either the stiffness of the
springs within the structure or the length of the struts and links.
This allows for individual neutrally stable structures to be built
on any scale and then assembled into structures by modulating
the size and stress within a unit cell to create spatially hetero-
geneous material structures. At a practical level, the mechanical
response of individual cells can be further controlled by tuning
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