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Tuning stiffness of mechanical metamaterial unit
cells via transitions to second-order rigid and
pre-stressed states†

Joseph C. Roback,a Arya Nagrath,a Sameera Kristipati,a Christian D. Santangelo*c

and Ryan C. Hayward *ab

Mechanical metamaterials have been widely studied for their broad range of exotic mechanical properties, and

there is particular interest in imparting these materials with tunability to rationally alter their mechanical response

on demand. Here, the concept of second-order rigidity is leveraged to design metamaterials that possess a

floppy deformation mode, but that can be rigidified by altering the length of the constituent beams, such that a

self-stress emerges and the floppy mode vanishes. This simple change in beam length can also give rise to

controllable prestress in the material, allowing for further tuning of the elastic properties. Using a design validated

with macroscopic 2D unit cells, a microfabricated 3D lattice material is demonstrated. Due to the generality of

the rigidity transition, the design can be expanded to any combination of beam lengths for a given topology.

Finally, a temperature-responsive hydrogel is incorporated to access the rigidity transition in situ. This design

represents a simple and scalable method to assemble mechanical metamaterials with tunable rigidity.

1. Introduction

Mechanical metamaterials derive their unusual mechanical
properties from their deliberate structuring as opposed to the
bulk properties of the constituent materials.1 Exotic material
properties such as negative effective mass density, negative
effective moduli, and negative Poisson’s ratio can be enabled
by rational design of the periodic unit cells making up
metamaterials.2–5 However, these behaviors have traditionally
been static once the metamaterial is fabricated and cannot be
tuned or altered on demand. Increasingly, however, the incor-
poration of responsive or tunable elements has added freedom
and functionality, enabling new applications in soft robotics,
mechanical computing, and vibration damping.6–10

Stiffness modulation in metamaterials is often achieved by
manipulation of ‘floppy’ modes, allowing for deformations that
in principle require zero energy. For instance, this can be
achieved by taking advantage of jamming transitions in sheets
of interlocked octahedral frames,11 wherein contacts formed

between the frame edges as the sheets are placed under
confinement results in rigidification, or by making changes
in the topological connectivity in networks of beams and
hinges,12,13 whereby creation or destruction of contacts within
the network removes or generates a floppy mode. These struc-
tures are generally assessed for rigidity by Maxwell constraint
counting, which compares the number of degrees of freedom to
the number of constraints imposed by contacts;14 however a
theoretical understanding of rigidity through changing self-
contact is still under-developed.

Furthermore, many examples of tunable metamaterials rely
on tuning mechanisms that are tethered to an external mechan-
ical or pneumatic input,11,15,16 and can’t be triggered remotely.
Additional functionality in metamaterial systems can be
achieved by implementing tuning mechanisms that are respon-
sive to environmental stimuli such as temperature,17 light,18,19

or magnetic field.20–22 Temperature is a convenient stimulus
with a large toolbox of response mechanisms, however, many of
the thermally tunable mechanical metamaterials to date rely on
shape-memory materials, which require mechanical input for
initial high-temperature programming of geometry.23–25 Alter-
natively, temperature-induced volume change of hydrogels has
been used to trigger inversion of Poisson’s ratio via a change in
unit cell geometry, offering a route to alteration of other
mechanical properties as well.26

Underconstrained systems that possess one or more degrees
of freedom according to Maxwell constraint counting can still
be made rigid for certain geometric configurations, a concept
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termed ‘‘second-order rigidity.’’27 This behavior is observed in
disordered spring and fiber networks,28–32 as well as in more
complicated structures such as vertex models.33,34 The primary
phenomenon is a transition from a floppy to a rigid structure
upon an apparently subtle change in geometry that requires no
change in connectivity or contacts. This broad phenomenon is
universal for many systems,35 and we have used a similar
transition to rigidify a chain of interconnected rotors, where
changing the lengths of one beam suddenly prevents propaga-
tion of motion down the chain.36 However, to our knowledge, it
has not been employed in the design of mechanical metama-
terials. One obstacle to achieving such a metamaterial is that
second-order rigid systems are currently mainly understood
through the length changes of springs, whereas a typical
material might have torsional stiffness or the internal buckling
of elements.

In this paper, we design a mechanical metamaterial whose
shear modulus can be tuned dramatically by changes in the
material geometry without a corresponding change in the
coordination of the network. Our idea exploits second-order
rigidity, where our design is predicted to be floppy according to
simple constraint counting but, by changing the length of a
subset of the beams such that a prestress is introduced to the
network, the metamaterial passes through a critical point
where it will suddenly rigidify. We demonstrate that the effect
is robust and generic by modeling the response of such net-
works with and without torsional stiffness at the joints. We
fabricate both 2D unit cells and 3D lattice metamaterials to
probe their response to shear strain. Finally, a temperature
responsive hydrogel is incorporated into the unit cells to drive
the transition from floppy-to-rigid in situ via a thermal
stimulus.

2. Results and discussion

To capitalize on second-order rigidity, we first develop a model
of our metamaterial as a system of vertices joined by elastic
beams and rotational springs. The floppy modes are the
displacements that do not change the length of the beams to
first order. However, the floppy modes can be rigidified for
certain geometric configurations, such that a small displace-
ment changes the length of the beams to second order, and this
occurs even when there is no actual stress on the beams.
A more detailed discussion on the conditions for second-
order rigidity is given in the ESI† and elsewhere.27,35 The
network’s response to deformation is divided into two distinct
regimes: when the network lengths are chosen so that the self-
stress disappears, the network is floppy. When the network
lengths are chosen so that a prestress is realized in the network,
the floppy modes disappear, and the system behaves elastically.
Precisely between these two regimes is a critical surface indi-
cating the onset of rigidity, which is governed by seemingly
subtle changes in the edge lengths rather than a gross change
in network connectivity.

Fig. 1(A) shows the design for a simple metamaterial unit
cell designed via this approach. A square frame of rigid beams
contains a network of eight softer beams of the same length. All
connections between beams rotate freely. The network is
designed so that each unit cell has one degree of freedom
(the angle of a specific corner) and shares the symmetry of the
square frame to which it is attached, which is symmetric with
respect to 901 rotations (when not deformed). When the soft
beams are shorter than a critical length lc the system becomes
stressed, and we predict it will behave elastically when the
frame is sheared. When the beams are longer than the critical
length, however, there is a bifurcation between a clockwise and
a counterclockwise rotated configuration and the system
becomes floppy, at least up to a critical shear angle. For this
specific unit cell geometry, in which all interior beams are of

equal length, the critical length is given by lc ¼ a
�

2þ
ffiffiffi
2
p� �

,
where a is the side length of the square unit cell. Precisely at the
critical length, shear deformations increase the energy quarti-
cally (because the strain in the beams is quadratic). Numerical
minimization of a spring network with this geometry
shows precisely this behavior when the joints are free to rotate
(Fig. S3, ESI†).

To accommodate the torsional stiffness of material joints,
we add small torsional moduli kT to all the joints, so that each
torsional joint has elastic energy ET = kT(y � y0)2/2, where y is
the current angle between beams and y0 is the angle in
equilibrium (Fig. 1(B)). We estimate kt by 3D printing a single
joint that replicates those used in the unit cells below, and
placing it under uniaxial tension (see ESI,† Fig. S4 and S5, for
details). For small deformations, the restoring force in the
floppy state (l/lc 4 1) rises more rapidly than in the critical
state (l/lc = 1). This can be justified by noting that, in the critical
state, the deformation acts to strain the edges whereas, in the
floppy state, the joints carry the deformation rather than the
edges. However, the restoring force of the floppy geometry
rapidly reaches a plateau not observed in the critical state. As
the equilibrium length is decreased further (l/lc o 1), the
restoring force rises rapidly indicating a substantial stiffening.
While prestress is known to induce stiffness in spring
networks,37 here the prestress stiffens without any appreciable
geometrical change.

We next experimentally validate the metamaterial design by 3D
printing floppy and rigid unit cells using an SLA printer and an
elastic resin (Formlabs Elastic 50A). The printed material behaves
elastically and has a measured Young’s Modulus E = 1.68 MPa
(Fig. S6, ESI†). The external frame and interior beams are printed
with greater thickness compared to the joints to confine bending to
the vertices, and the interior beam lengths for the floppy unit cell are
set to be 25% longer than the critical length (l/lc = 1.25, Fig. 1(C)),
while the rigid unit cell’s interior beams are set at the critical point
geometry (l/lc = 1, Fig. 1(D)). The printed structures are clamped via
handles at opposite corners on a force–displacement system, such
that uniaxial tension results in shear of the unit cell. Data were
recorded with three different test speeds (0.1 cm s�1, 0.25 cm s�1,
and 0.5 cm s�1), but we found that the results were nearly
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indistinguishable (Fig. S7, ESI†), indicating that the response was
rate independent. Thus, only the slowest speed is plotted for the
remainder of this study. The force vs. shear angle, where shear angle
is defined as the deviation of the frame corner from 901, is shown in
Fig. 1(E). The force response is initially dominated by bending of the
joints, and because the floppy unit cell exhibits greater bending at
the vertices at small shear strains, it is initially stiffer. However, past
E101, the force required to shear the floppy structure increases very
weakly compared to the critical geometry, characteristic of the floppy
mode predicted by constraint counting, eventually leading to a
crossover in the force response. This crossover can be seen as a
transition from a bending-dominated to a stretching-dominated
deformation mode; however, if one could shrink the joints to zero
thickness such that there was no torsional rigidity, the floppy
structure would exhibit a true zero-energy mode, and the crossover
in force response would vanish (Fig. S8, ESI†). Videos of the
mechanical tests are given in supplementary Movie 1 (ESI†).

Building on the results from the single 2D unit cell, we next
proceed to fabricate a 3D metamaterial to demonstrate that the
concept can be scaled both to smaller spatial dimensions as
well as superstructures consisting of multiple unit cells. We
employ a cubic unit cell design, where one of the pairs of

vertically oriented faces is fabricated with the floppy (l/lc = 1.25)
geometry, while the other is at the critical point, thereby
creating an anisotropic mechanical metamaterial with a rigid
axis and a floppy axis (Fig. 2(A)). We then fabricate the structure
in a 3 � 3 � 3 lattice using two-photon lithography
(See experimental methods for details), resulting in a structure
that is approximately 300 mm on each side. Fig. 2(B) and (C)
show scanning electron micrographs of the printed material,
where Fig. 2(B) views perpendicular to the floppy axis, and
Fig. 2(C) shows the structure rotated 901 to view perpendicular
to the rigid axis.

The lattice is mounted on a micromechanical testing system
(see methods for experimental details) and sheared by contact-
ing the top of the lattice with a force sensing probe equipped
with a flat silicon tip (Fig. 2(D) and supplementary Movie 2,
ESI†). The force is recorded as a function of displacement of the
stage, which is converted into shear angle using the dimen-
sions of the lattice (Fig. 2(E)). Qualitatively, the same behavior
is observed as for the macroscopic, 2D unit cells, where the
floppy axis is initially stiffer, but is superseded by the rigid axis
at modest shear angles. Due to the limited toughness of the 3D
printing resin, which has a manufacturer-reported Young’s

Fig. 1 (A) Phase diagram for the 2nd order rigid unit cell depicted in the insets. (B) Calculated force vs. shear response of the unit cell. (C) Photographs of
a 3D printed floppy unit cell at (i) zero shear and (ii) 301 shear angle. (D) Photographs of the unit cell with beams shrunk to the critical point at (i) 01 and (ii)
301 shear angle. (E) Force vs. shear angle response for rigid and floppy structures.

Soft Matter Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 2

/9
/2

02
6 

8:
37

:3
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sm01318b


This journal is © The Royal Society of Chemistry 2025 Soft Matter, 2025, 21, 3890–3898 |  3893

modulus of 1.5 GPa and strain-at-break of 0.7%, the joints
tended to fracture at shear angles above E101, restricting the
range of accessible shear angles. Also, we observed significant
plastic deformation, as evidenced by the large hysteresis in the
force response (Fig. S10A, ESI†). Nevertheless, we demonstrate
that the second order rigid unit cell design can be assembled
into a 3D lattice with the same basic properties, where future
work could aim to optimize the structures through material
selection, geometry, and printing parameters.

While the approach of 3D printing monolithic, single-
component, metamaterials allows for realization of both floppy
and rigid responses, as well as structures combining these
geometries for anisotropic response, this approach introduces
several drawbacks. First, a prestressed configuration cannot be
printed monolithically; second, the interior beams cannot be
easily made of a different material to introduce tunability; and
third, in the floppy case, the interior beams collide with the
frame at modest shear values, rigidifying the structure through
the formation of additional contacts (Fig. S9, ESI†). We address
these shortcomings by instead 3D printing only the interior,
and then attaching those beams to a frame made from LEGO
Technic pieces (Fig. 3(A) and (B)). This hybrid design enables
mechanical testing to higher shear angles (Fig. 3(C) and sup-
plementary Movie 3, ESI†), and critically, displays similar

behavior to both the model and the monolithically printed unit
cells. In this case, however, the difference in stiffness between
the rigid and floppy unit cells is significantly more pronounced,
which can be attributed to the use of LEGO pins instead of 3D
printed joints, substantially reducing the contribution of bend-
ing energy and approaching the limit of a zero-energy mode.
Additionally, a set of beams with lengths 5% smaller than the
critical value was printed, then stretched to attach to the LEGO
frame, leading a built-in prestress within the metamaterial. As
seen in Fig. 3(C) (dark red curve), this sample demonstrates an
extremely stiff response initially, a feature not present in
Fig. 1(B), but then appears to strain soften and displays a
response in qualitative agreement with the model predictions.
A notable consequence of the use of a LEGO frame is the
presences of substantial hysteresis in the force–displacement
curves (Fig. S10B, ESI†), which appears to arise from the
friction between the LEGO pins and the holes that they rotate
in, and is more pronounced under higher tension, since the
pins tend to bend and therefore push against the sides of
the holes, increasing friction. We speculate that friction is also
the cause of the shape of the loading curve in the prestressed
sample; however, the exact mechanism is not well understood.
Nevertheless, if one compares either the loading or unloading
curves across the three samples, it is clear that a dramatic

Fig. 2 (A) CAD drawing of single cubic unit cell. (B) Scanning electron micrograph of 3 � 3 � 3 lattice metamaterial viewing the floppy face. (C) Scanning
electron micrograph of 3 � 3 � 3 lattice metamaterial that has been rotated 901 to view face designed with the critical point geometry. (D) Optical
micrograph of shearing measurement performed by microforce sensing probe. (E) Force vs. shear angle shown for measurements along the rigid and
floppy axes. Scale bars are 100 mm for all images.
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change in stiffness is achieved simply through variations of
beam length by a total of E30%.

Next, we highlight the generality of this design approach for
networks of a given topology by randomizing the lengths of the
beams. A random number generator with a flat distribution
between 1.00 and 1.50 is used to select the lengths of the beams
in the unit cell interior (Fig. 4(A)); manual shortening of beam 3
was required to maintain sufficiently large joint angles to be 3D
printed. Because this structure is beyond the critical point, it
again bifurcates into two possible geometries in the same way
as the symmetric case. In the case of 8 different beam lengths,
this unit cell is now described by an 8-dimensional phase
diagram, and the critical manifold is now a 7-dimensional
hypersurface.

To find a point on the critical surface, we keep the ratio of
lengths for the soft beams but decrease their overall size by a
common multiplicative factor while preserving the frame size.
If the beam length is decreased enough, the network will clearly
carry a self-stress; when the length is sufficiently large, it will be
floppy. The critical length occurs precisely at the boundary
between these two behaviors. The exact configuration of the
network will depend on the ratios between the lengths of the
beams but for any choice of ratios, we are guaranteed to reach
the critical surface. Consequently, there are many possible
options we could have chosen for our design, for which
Fig. 4(A) shows precisely one.

We again print the interior from Formlabs elastic resin, and
we describe the beam lengths using the ratio of the average
beam length hli to the critical length of the symmetric unit cell
lc. As seen in Fig. 4(B), the unit cell with randomly lengthened
beams exhibits floppy behavior in both of its two bifurcated
geometries. The state 2 geometry (purple line) exhibits a snap-
through on the return curve (Fig. S10C, ESI†), likely arising
from the fact the joints are turned opposite from their printed
angle. When the beams are shortened to the calculated critical
point (corresponding to hli/lc = 1.01), and further shortened to a
prestressed state with hli/lc = 0.96, the force responses are again
qualitatively similar to the case of equal beam lengths in Fig. 3,
showing the generality of the rigidity transition. Videos of the
mechanical tests are given in supplementary Movie 4 (ESI†).

Finally, we develop a metamaterial unit cell with an interior
made from a responsive material, such that a stimulus can
switch the system from floppy to rigid mechanical response on
demand. The frame is again assembled from LEGO Technic

Fig. 3 Photographs of the LEGO/3D printed hybrid unit cell (A) in the
floppy geometry and (B) at the critical point. (C) Force vs. shear angle for
LEGO/3D printed hybrid unit cells.

Fig. 4 (A) Photographs of LEGO/3D printed unit cells with randomly
generated beams lengths in state 1 (left) and state 2 (right). The beams
are numbered on the image and the randomly generated l/lc values are
given in the table below. (B) Force vs. shear angle for randomly generated
LEGO/3D printed unit cells.
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beams; however, the interior is now made from a poly
(N-isopropylacrylamide)/alginate double network hydrogel
(Fig. 5(A), see Experimental section for a detailed procedure).
In brief, a mold is 3D printed to match the critical point
geometry (l/lc = 1), and the pre-gel solution consisting of
N-isopropylacrylamide (NIPAM), N,N0-methylenebisacrylamide,
sodium alginate, and lithium phenyl-2,4,6-trimethylbenzoyl
phosphinate in water is added to the mold and cured under
UV illumination. The mold is then immersed in CamathCl2

solution to ionically crosslink the alginate, then the hydrogel
interior was removed from the mold and swollen to equilibrium
in DI water before being attached to the frame via LEGO pins.
We note that a similar strategy was employed to fabricate
hydrogel metamaterials with tunable Poisson’s ratio.26 The
monomer and crosslinker concentrations are chosen such that
the structure is stiff enough to display minimal deformation
under gravity, yet still swells enough at room temperature to
pass beyond the critical point. Additionally, the use of an
interpenetrating alginate network was necessary to render the
material sufficiently tough to endure removal from the mold
and subsequent mechanical testing without breaking the thin
joints.

The unit cell is sheared at room temperature, after reaching
swelling equilibrium, where the linear swelling ratio corre-
sponds to l/lc E 1.14. The structure displayed the floppy
response indicative of being above the critical point (Fig. 5(C)
and (D), dark blue). The unit cell is then immersed in 34 1C DI
water and removed periodically to measure the swelling ratio

and the force response to shear. The time-dependent linear
swelling ratio is shown in Fig. 5(C), where the dashed line at
l/lc = 1 represents the ‘‘as-prepared’’ critical point geometry.
The hydrogel interior beams cross this line after approximately
90 min, and a corresponding change in the force response from
floppy to rigid is observed (Fig. 5(D)). As the unit cell is left
longer in the warm water, the interior continues to shrink into
a prestressed state, and the stiffness increases further, qualita-
tively consistent with the 3D-printed prestressed samples.
These results indicate that controlling the prestress is another
powerful tool for altering the elastic properties of the unit cell.
For example, taking one measure of the modulus to be the
slope of the loading curve around a shear angle of 20 degrees,
we find that this ‘‘incremental modulus’’ increases by approxi-
mately a factor of 4 between the critical point (1.5 h) and the
fully deswollen state (24 h) (Fig. S12, ESI†). Force displacement
curves with unloading data are shown in Fig. S10D (ESI†),
additional images are shown in Fig. S11 (ESI†), and videos of
the mechanical tests are given in supplementary Movie 5 (ESI†).
This responsive hydrogel design exemplifies the in situ tun-
ability of this metamaterial design via temperature-induced
rigidification, without the need for external mechanical input.
An alternative design for tuning stiffness in hydrogels involves
the use of stored length arising from buckling of swollen
elements, where the onset of strain-stiffening occurs when
the buckled beams are pulled straight into the plane of the
frame.38 The strategy introduced in this work allows for mod-
ulating the onset of shear stiffening by many tens of degrees

Fig. 5 (A) Chemical structures of NIPAM and calcium crosslinked alginate used to fabricate the hydrogel interior. (B) Photographs of hydrogel/LEGO
hybrid unit cell at room temperature swelling equilibrium (left), and after 24 hours of immersion in 34 1C DI water (right). (C) Linear swelling ratio of
NIPAM/alginate gels as a function of time immersed in 34 1C DI water. (D) Force vs. shear angle for hydrogel/LEGO hybrid unit cells taken at several
different times of immersion in 34 1C DI water.
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from changes in beam length of only a few percent (Fig. 5(D)
and Fig. S3, ESI†), and has the additional advantage of exhibit-
ing a near-zero-stiffness mode beyond the critical point.

3. Conclusion

In this work, we introduce a concept for a mechanical meta-
material with a tunable shear modulus, which can be realized
by altering the length of the constituent beams in such way that
the structure possesses a self-stress. The developed unit cells
possess a floppy deformation mode until the interior beams are
shrunk to a critical length, at which point the material is
second-order rigid. The behavior is well-described by a model
system of linear and torsional springs, which must be added to
simulate the effects of non-zero joint stiffness. We further
demonstrate that the single 2D unit cells can be assembled
into 3D lattices that can be fabricated on the micron scale and
maintain the same qualitative behavior; however, due to mate-
rial limitations, were prone to plasticity and fracture. Further
work could aim to optimize printing parameters for an elasto-
meric two-photon resin, or to incorporate responsive hydrogel
elements using a mulitmaterial two-photon lithographic
approach Such designs would allow for micron-scale super-
structures with drastically tunable stiffness in multiple direc-
tions with potential applications in soft robotics or acoustic
manipulation.

The effect of prestress, as well as generalization of the
concept to randomly generated beam lengths were shown by
combining 3D printed interior beams with a LEGO frame. In
this work, we outlined a single simple network topology;
however, this concept can be expanded for spring networks of
any topology possessing an analagous floppy mode. Future
work could aim to explore more complicated network architec-
tures, further explore the effects of prestress on modulus, and
optimize for metamaterial properties such as stiffness of the
rigid phase and onset of strain stiffening. Finally, we leverage
the temperature responsiveness of NIPAM hydrogels to alter the
rigidity of the unit cell in situ via a change in temperature.
Overall, we anticipate that this work serves as a demonstration
for a simple, and generalizable platform for the design of
functional mechanical metamaterials.

4. Experimental section/methods
Materials

N-Isopropylacrylamide (NIPAM) was purchased from TCI and
was recrystallized from hexanes prior to use. All other materials
were purchased from commercial sources and used as received.

Numerical simulations of metamaterial structures

The structures were represented as graphs of vertices joined by
edges and simulated using a custom-built Mathematica (v13.3)
package (https://github.com/cdsantan/mechanisms). Elements
were modeled as springs with stretching energy Espring = kspring

(l � l0)2/2 where l is the spring length, l0 the equilibrium length,

and kspring the spring constant. Joints were modeled with
torsional energy Etorsional = ktorsional (y � y0)2/2 where y is
the joint angle, y0 its corresponding equilibrium angle, and
ktorsional is the torsional modulus of the joint. For each shear
angle of the frame, the vertex positions of the frame are fixed
and the elastic energy is minimized with respect to the position
of the vertices. Values of the spring and torsional constants
were estimated by comparing to force–displacement measure-
ments of individual bars and torsional springs (ESI†). Addi-
tional Mathematica code can be found in the ESI.†

3D printing of 2D unit cells

CAD files were generated using Fusion 360 (Autodesk), and
designs were printed on either a Form 2 or Form 3+ 3D printer
using elastic 50A resin (Formlabs). Printed designs were
washed in fresh isopropanol twice for 20 min each, and
thermally post-cured in an 80 1C oven overnight.

Force–displacement testing of 2D unit cells

Unit cells were clamped at opposite corners on a TA.XTplus
Texture Analyzer (Stable Micro Systems) equipped with a 500 g
load cell. Unit cells were clamped such that the initial angle of
the joints was 901. Samples were deformed in tension at
0.1 cm s�1, 0.25 cm s�1, and 0.5 cm s�1 to a maximum of 4
cm, then returned to their starting position. Linear displace-
ments were converted to shear angles using the geometry of the
unit cell.

3D printing of microscale 3D lattices

Fused silica substrates (Nanoscribe GbmH) were first cleaned
by ultrasonication in DI water, acetone, and isopropanol for
10 min each, then by treating with UV-ozone cleaning for
10 min per side. A solution of 1 mL of the adhesion promoter
3-(trimethoxysilyl)propyl methacrylate in 200 mL of ethanol was
prepared, then 6 mL of 1 : 10 glacial acetic acid : water was
added. The clean substrates were immersed in this solution
for 15 min, then rinsed with isopropanol to functionalize the
surface with methacrylate units and improve adhesion of the
printed structures. CAD files were generated using Fusion 360
(Autodesk). Structures were fabricated on a Nanoscribe Photo-
nic Professional GT2 (Nanoscribe GbmH) using a 63� NA1.4
objective and IP-Dip2 resin in dip-in mode. The laser power was
set to 50% and the scan speed was set to 15 000 mm s�1.
Fabricated structures were developed in SU-8 developer, then
transferred to isopropanol. Without allowing them to dry, the
structures were then placed in an EM CPD300 critical point
dryer (Leica Microsystems) to remove the solvent using super-
critical CO2 and avoid structural collapse due to surface
tension.

Imaging of microscale 3D lattices

The metamaterial lattice structures were sputtered with 4 nm of
platinum using a 108 Auto/SE sputter coater (Cressington),
then imaged using a TM-4000PlusE-2 scanning electron micro-
scope (Hitachi) using secondary electrons and an accelerating
voltage of 10 kV.
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Force–displacement testing of microscale 3D lattices

The fused silica substrate was scribed and broken such that the
lattice was positioned approximately 1–2 mm from the edge of
the substrate on 2 perpendicular faces. The sample was
mounted on a FT-MTA03 micromechanical testing system
(FemtoTools AG) by supergluing the substrate to a custom
3D-printed post, which was in turn superglued to the instru-
ment’s sample mount. A microforce sensing probe with a flat
silicon tip and a max force capacity of 20 mN was aligned with
the top center of the lattice using the onboard camera. Com-
pression tests were then carried out on the lattice with a test
speed of 0.25 mm s�1 and the force response was measured.
Since the probe was aligned with the top of the lattice with the
bottom fixed to the substrate compression resulted in shear of
the lattice. The displacement was converted to shear angle
using the sample height.

Fabrication of NIPAM/LEGO hybrid unit cell

A modified procedure from ref. 26 was used. First, a mold
matching the critical point geometry was 3D printed using
flexible 80A resin (Formlabs). Then, 2.263 g (20 mmol) of N-iso-
propylacrylamide, 62 mg (0.4 mmol) of N,N-methylene-
bisacrylamide, and 22.5 mg (0.08 mmol) of lithium phenyl-
2,4,6-trimethylbenzoylphosphinate were dissolved in 20 mL of
DI water, sparged with nitrogen gas for 30 min, and cooled to
0 1C in an ice bath. The solution was then poured into the
mold, LEGO pins were placed in the vertices, and the solution
was cured under a 365 nm lamp (Melodie Suzie 36 W) for 3 min.
The entire mold was immersed in 0.2 M CaCl2 for 24 h, then the
gel was carefully removed from the mold, and immersed again
in 0.2 M CaCl2 for an additional 48 h to ensure full ionic
crosslinking. Finally, the gel was attached to the LEGO frame,
and immersed in DI water for 3 d to reach swelling equilibrium.
Force displacement testing was conducted in the same way as
the 3D printed samples above.
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