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Exploiting Geometric Frustration in Coupled von Mises
Trusses to Program Multifunctional Mechanical

Metamaterials

Yannis Liétard, Daniel Therriault, and David Melancon*

Multistable mechanical metamaterials are an emerging class of materials
whose intricate internal structure can be engineered to program mechanical
properties and promote reversible transitions between multiple stable states
of energy. In this work, the design of a mechanical metamaterial based on an
assembly of bistable von Mises trusses is presented. It is shown that coupling
two von Mises trusses induces geometric frustration, which leads to an
asymmetry between the stable states. Then the von Mises trusses are
combined to build a unit cell that can change effective stiffness in com-
pression when switching states. Based on a semi-analytical model, the
stiffness variation is characterized as a function of the geometric parameters
and three possible scenarios are highlighted: 1) increased, 2) decreased, or
3) constant stiffness between the stable states. To validate the concept, the
multistable metamaterials out of polylactic acid and thermoplastic polyure-
thane via fused filament fabrication are fabricated, and their mechanical
response is evaluated by measuring experimentally the effective stiffness in
both stable states under compression. This unit cell also features modularity,
enabling reversible assembly and post-fabrication tunability. Finally, a
range of applications are explored, including sandwich panels capable of
changing their compressive and bending stiffness as well as their surface

1. Introduction

Recent advances in the field of mechanical
metamaterials have significantly enhanced
the tunability of their mechanical pro-
perties.'*) Among these, stiffness stands
out as a particularly important attribute.
The manipulation of stiffness has been suc-
cessfully achieved through various innova-
tive mechanisms, such as origami- and
kirigami-inspired designs,*™*? topological
transformations,>* and stimuli-responsive
materials.">*”) The capability to tune mate-
rial stiffness opens up a multitude of appli-
cations, including soft grippers,®*®! smart
fabrics,* structures that soften to prevent
damage during collisions,*” sensing and
data transmission,*? as well as biomi-
metic robots.”! Another exotic property of
mechanical metamaterials is shape morph-
ing, which allows them to be reconfigured
and undergo significant and reversible
changes in shape.***?”) Some mechanical

morphology.
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metamaterials utilize mechanisms to retain

specific shapes without the need for con-

stant  actuation.’>**3  These shape-

morphing capabilities are particularly useful

for applications such as aerodynamic drag control,** morphing
drones and underwater machine,””! or deployable implants for
minimally invasive surgery.*® Moreover, recent research has
underscored the importance of modularity, which enables
mechanical properties to be tuned post-fabrication,**** enhanc-
ing the versatility and adaptability of mechanical metamaterials.
While these three properties—tunable stiffness, shape morph-
ing, and modularity—have been mostly developed separately,
here, we propose a multistable mechanical metamaterial that
combines them all. To achieve this purpose, we first take inspi-
ration from a simple bistable building block shown in Figure 1A:
the von Mises truss. By coupling two independent von Mises
trusses, we show that this can lead to two stable states with dis-
tinct energy levels separated by A U (Figure 1B). This is the start-
ing point of a bottom-up strategy to program the mechanical
behavior of multistable unit cells combining four coupled von
Mises trusses described in Figure 1C. Our unit cell displays
tunable compressive stiffness in its different stable states
(Figure 1D), post-fabrication reconfigurability through modular-
ity (Figure 1E), and shape-morphing capabilities (Figure 1F). We
subsequently utilize these properties to create sandwich panels

© 2024 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 1. Multistable mechanical metamaterials capable of stiffness tunability, modularity, and shape morphing. A) A bistable von Mises truss can be
characterized by an initial length L and an initial angle 0. The energy landscape of this bistable structure exhibits two energy wells with equivalent strain
energy levels. B) When coupled, two von Mises trusses with non-coplanar extremities form a building block with nonzero energy in the second stable
state, as evidenced by AU. C) Four building blocks are assembled to form a unit cell. Each building block corresponds to a face of the unit and has two
stable states, 0 and 1. When all the faces are in the first stable state, the unit is in state 0000, and when all the faces are in the second stable state, the unit
is in state 1111. D) Our unit cell is capable of changing stiffness in compression when switching from state 0000 to state 1111. E) The fabrication process
of the unit enables reversible assembly of the von Mises trusses, making it possible to easily change the unit’s properties post-fabrication. F) When
activating only one face in state 0001, the height of this side changes, causing the unit to bend and offering potential for shape-morphing applications.

Note that each unit's drawing is adapted from an image taken from a 3D-printed prototype.

with adjustable compressive and bending stiffness, as well as
morphing surfaces.

2. Results

2.1. Coupled von Mises Trusses Exhibiting Geometric
Frustration

Our bistable building block draws inspiration from the von Mises
truss, a well-recognized concept employed to achieve bistabil-
ity,'*284% comprising an assembly of two trusses pinned at their
apex and simply supported at their lower ends. A von Mises truss
can be characterized by two geometric parameters: 6, represent-
ing the initial angle of inclination of the two trusses relative to the
horizontal plane, and L, denoting the initial length of one truss.
When a displacement § is applied at its apex, the von Mises truss
undergoes a deformation that is characterized by an energy land-
scape with stable states of identical strain energy level (see
Figure 1A). We obtain a similar behavior for all von Mises trusses
characterized by L>0 and 6 € [0°,90°]. To achieve a broader
range of responses, we propose a building block which consists

Adv. Eng. Mater. 2025, 27, 2402006 2402006 (2 of 9)

in an assembly of two coupled von Mises trusses. These coupled
von Mises trusses can be characterized by three geometric
parameters forming our design space: 1) 6, and 2) 6,, repre-
senting the initial angles of the von Mises trusses in the xy plane
and xz plane, respectively, and 3) r; = Lo,/ Loy, the ratio of the
initial lengths (see Figure 2A). Another important geometrical
characteristic is the distance A, defined as the algebraic distance
between a first line connecting the two ends of the von Mises
truss in the xz plane and a second line connecting the ends
of the von Mises truss in the xy plane:

A = Loy, (sin60,, — r; sinb,,) (1)

We first characterize the energy landscape of our coupled von
Mises trusses by conducting Finite-element (FE) simulations
(ABAQUS 2022). Exploiting symmetry, we model one quarter
of the structure using beam elements. To account for potential
large deformation, we use an incompressible neo—Hookean
hyperelastic model with initial Young’s modulus E, (in
ABAQUS 2022 the input parameters are C10 = E,/6 and
D1 = 0—see Section S2, Supporting Information, for details).

© 2024 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH

8508017 SUOWILLOD BA 8.0 3ol dde 8y Aq peusenob aJe sapiie O 8sN JO SN 10} Afeiq1 ] 8UIIUO A8|IA UO (SUORIPUOD-PUR-SWLRIALID A 1M AReIq 1 jBul UO//:SdhL) SUORIPUOD pUe SLLB | 84} 88S *[G202Z/0T/9T] Uo Aiqiauliuo Ao|im ‘Eenuoin 8 yoeiAlod 81003 Aq 900201202 Wepe/zZ00T OT/I0P/L00 A8 | ATe.q pUIIUO"peoueApe//SdY Wo.y papeojumoq ‘T ‘SZ0e ‘8v9z.2ST


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

ADVANCED
ENGINEERING
MATERIALS

www.advancedsciencenews.com

State 1

@

www.aem-journal.com

Monostable

Bistable without geometrical frustration
= Bistable with geometrical frustration

f ]

N
&
T

— — [N}
o ot o
T T

<
&
T

Energy U/(Ey - L3,,) [~]

) AU Ao
0.5 1.0 1.5 2.0
Displacement 8§/ L, [—]

o

o
<
o

Figure 2. Building block based on coupled von Mises trusses. A) The building block can be characterized by three design parameters: the ratio of the
initial length r, = Lo,y /Loy, and two initial angles 6o, and 6q,,. The initial state is denoted as state 0, while the second stable state is referred to as state 1.

B) The building block is initially analyzed using a finite-element model to characterize the evolution of the normalized elastic energy, U/(E, - L3,,) as a
function of the normalized displacement, §/Ly,, applied at the central vertex. We find three distinct scenarios: monostable (yellow curve), bistable without
geometric frustration (green curve), when all four extremities are coplanar, and bistable with geometric frustration (blue curve), when the four extremities
are not coplanar. Non-coplanar geometries are characterized by the distance A, which is defined as the algebraic distance between a first line connecting
the two ends of the von Mises truss in the xz plane and a second line connecting the ends of the von Mises truss in the xy plane.

When a displacement § is imposed on the central node, three
distinct scenarios can emerge. First, if the four simply supported
nodes lie on the same plane, i.e., for double von Mises trusses
characterized by A/L,, = 0, there is no geometric frustration in
the second stable state and the two local minima have the same
energy level (see green curve in Figure 2B). Instead, if the four
extremities are not coplanar, i.e., for double von Mises trusses
characterized by A/Ly,, # 0, geometric frustration arises in
the second stable state because both von Mises trusses cannot
simultaneously minimize their energy (see the blue curve in
Figure 2B). Finally, if geometric frustration is too high, the
double von Mises truss becomes monostable (see the yellow
curve in Figure 2B). The asymmetry induced by geometric
frustration between the two stable states can potentially result
in distinct mechanical properties. This finding, along with
recent research leveraging geometric frustration to design
programmable metamaterials,>? motivated us to utilize the
proposed building block in the construction of a mechanical
metamaterial unit.

2.2. Unit Cell with Tunable Mechanical Properties

Having demonstrated that coupled von Mises trusses can display
geometric frustration in its second stable state, we use it to form a
mechanical metamaterial unit cell capable of tuning compressive
stiffness (see Figure 3A where each of the four faces of the unit
cell corresponds to coupled von Mises trusses). Depending on
the state of the unit’s faces, i.e., 0000, indicating that all four faces
are folded inward, and 1111, indicating that they are snapped
outward, the compressive stiffness may vary. We begin by con-
ducting FE analyses using ABAQUS 2022 to predict the mechan-
ical response in compression of our unit. Taking advantage of the
symmetry of the structure, we model a quarter of a unit’s face of
dimension L;,, = 10 mm using an unstructured mesh of 8-node
linear volumetric elements and an incompressible neo—Hookean
hyperelastic model with initial Young’s modulus E, = 28 MPa
(see details of the FE simulation in Section S2, Supporting
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Information). The stiffness variation, #, is calculated as the ratio
of the stiffness in state 1111, Kj;11, over the stiffness in state
0000, Kgogo- As revealed by our simulations on the coupled
von Mises trusses, we expect negligible change in compressive
stiffness between states 0000 and 1111 for a geometry where
the four extremities lie on the same plane, ie., A=0mm.
We simulate the response of an iso-stiffness unit with

(rf° = 2.0, 652, = 21°, 052, = 40°) and find similar effective com-

pressive stiffness of (K9 )pz = 10.1Nmm ™' and (K59, ) =
11.6Nmm™, in both stable states (see green bars in
Figure 3B), resulting in a stiffness variation of #i$¢ = 1.15. This
discrepancy from the expected stiffness variation of 1 could be
coming from the fact that while assembling the initially flat
coupled von Mises trusses into the frame, we induce a small elastic
deformation that is located in the joints (see Section S2,
Supporting Information, for details). Instead, if the four extremi-
ties are not coplanar, i.e., A # 0 mm, geometric frustration in the
second stable state will induce a change in compressive stiffness.
We consider two additional geometries for which 1) A is negative,

ie, Al = —322 mm with (r°" = 2.0, G5t = 25°, G358 = 30°)

and 2) A is positive, ie., AT =278 mm with (51 = 2.0,
Qg?g =20°, @38 = 55°). Note that these values of A can be

O0xz

extracted from Equation (1) by adding 3 mm to the length of
Loy, to account for the 3D-printed joints (see Figure SI,
Supporting Information, for details.) For the first non-coplanar
unit, our FE simulations predict a softening behavior, with values
of the effective compressive stiffness dropping from
(K3 )pe = 142N mm ™' to (K%, ) = 2.18 Nmm™! (see blue
bars in Figure 3B), yielding a stiffness variation of 7% = 0.15.
In contrast, for the second non-coplanar unit, we find a
stiffening behavior with (K3l )z = 4.89 Nmm ™" to (K3l ) =
20.6 N mm ™ (see red bars in Figure 3B), which leads to a stiffness
variation of 7§l = 4.2.

To experimentally investigate the compressive stiffness varia-
tion of the unit when switching from state 0000 (Figure 3A(i)) to
state 1111 (Figure 3A(ii)), we fabricate the iso-stiffness,

© 2024 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH

5UB01 SUOWILIOD SAIERID) B[eo1dde U} A PousBA0B 812 SOILE WO ‘38N J0 S9N 10} AIRIG1T BUIIUO A3 UO (SUO 1 IPUOO-PUE-SULLBILCY" A3 1 ARG pUIUO//SANY) SUOTIPUOD PUE SWLB 1 84} 39S *[GZ02Z/0T/9T] U0 AReiq118UIIUO AB|IA “BRIUON 8Q 49BIAI0d 91093 Aq 900201202 WPe/Z00T OT/10p /00" A3 ARG pUIIUO"pBIUEADE /SOy WOJY papeo umoq ‘TT ‘G202 8792/ 26T


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

ADVANCED
ENGINEERING
MATERIALS

www.advancedsciencenews.com

State 0000 I'em State 1111

Iso-stillness

Soltening

www.aem-journal.com

Reversible

> ¥

Unlocked Locked

Stillening

B 30 A =(0mm A =—3.22mm A =278 mm
a
mmE Exporimental @748 FEM Wa%® Sci-analyvtical
El
A2 <3 K
K S
. KX (X
- < g
% R 7o
£ 10 ’ 4% 7
= »> /b’ p<R
= , 7% o
W N B e b W
/X /R A’m /K 4’& P2
State 0000 State 1111 State 0000 State 1111 State 0000 State 1111

Figure 3. Tunable mechanical properties. A) A mechanical metamaterial unit cell consisting of an assembly of four building blocks. i) When all four faces
are in their initial state, this configuration is denoted as state 0000. ii) Conversely, when all faces are in the second stable state, this configuration is
referred to as state 1111. iii) The coupled von Mises trusses are assembled with an interlocking mechanism that allows for reversible assembly, thereby
making the unit modular. B) Three different designs are experimentally tested in compression: an iso-stiffness unit, with no stiffness variation between the
two stable states; a softening unit, showcasing decreasing stiffness; and a stiffening unit, demonstrating increasing stiffness. Experimental uncertainties
were obtained by repeating the tests on three samples, five times for each sample. C) i) The iso-stiffness unit does not change height when switching from
state 0000 to state 1111, ii) the softening unit exhibits decreasing height, and iii) the stiffening unit demonstrates increasing height.

softening, and stiffening units out of thermoplastic polyurethane
(white thermoplastic polyurethane (TPU) from Polymaker with
Ey = 28 MPa). Note that we add rigid parts on the top and bottom
of the unit to ensure smooth load transfer during mechanical
tests (black PLA from Ultimaker). Additional details on the
fabrication process can be found in Section S1, Supporting
Information. A sliding mechanism is used to fix the coupled
von Mises trusses to the frame, as presented in Figure 3A(iii),
which enables reversible assembly to modify the unit’s properties
after manufacture. Note that this assembly induces a small initial
deformation in the unit’s joints which is captured by our FE
model (see Section S2, Supporting Information, for details).
Compression tests are performed (MTS Insight electrom-
echanical machine, MTS Systems Corporation, Eden Prairie,
Minnesota, US) with a displacement-controlled load
(10 mm min™) in states 0000 and 1111 to evaluate the effective
stiffness in compression, which is given by the slope of the
force—displacement curve in the linear regime (see Figure 3B).
For the iso-stiffness unit, the stiffness values in states 0000
and 1111 are (Kigpg)exp = 104 £ 2.15 Nmm ' and (K K1) ep =

9.01 & 2.13 N mm ™", respectively (see green bars in Figure 3B),

Adv. Eng. Mater. 2025, 27, 2402006 2402006 (4 of 9)

resulting in a stiffness variation of 75 = 0.87. This minimal
stiffness variation is demonstrated visually by placing a weight
of 1.7 kg on top of the unit in both stable states in Figure 3B,
where no change is observed in the deformation. The experimen-
tal results for the softening unit reveal a stiffness of
(Ko exp = 193+ 1.62 N mm ™ in state 0000 and (K53, =
3.884+0.571Nmm ' in state 1111. Compressive stiffness
decreases when all faces are actuated, as evidenced by a stiffness
variation of 115°ﬁ = 0.20. While the unit in the first stable can
withstand a weight of 1.7 kg, it fails under the same load in
the second stable state (see insets in Figure 3B). Lastly, for
the stiffening unit, we measure a stiffness of (Kf)g(f)fo)exp =

582+ 1.01Nmm ' in state 0000 and (K§if)., =212+

3.86Nmm ' in state 1111. The resulting stiffness variation is
ngg{,f = 3.64, confirming that stiffness can increase as well.
Whereas the unit yields under a load of 1.7 kg in the first stable
state, it can support the same load in the second stable state (see
insets in Figure 3B). Overall, for the three geometries studied,
the experimental results are in good agreement with the FE
simulations.

© 2024 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH
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In addition to the ability to modify stiffness, the proposed unit
cell also demonstrates shape-morphing abilities. As illustrated in
Figure 3C, the height of a unit can be altered through the actu-
ation of its faces. Similar to the results observed for stiffness vari-
ation, three distinct behaviors are identified. For the iso-stiffness
unit, no height variation is detected. Conversely, for the softening
unit, the height decreases from 5.3 to 4.4 cm when transitioning
from the first stable state to the second. Finally, for the stiffening
unit, the height increases from 4.4 to 5.3 cm.

Motivated by the ability to tune stiffness and height, we
develop a semi-analytical model to map the stiffness and height
variation of the unit across our design space and to gain more
insight into the underlying causes of these variations. Our model
is based on a combination of axial and torsion springs, to repre-
sent the trusses and the joints, respectively, along with Euler—
Bernoulli beams to model the beams of the frames. The energy
of the system in both stable states under compression can be
determined by using the principle of minimum potential energy.
The corresponding force-displacement curves are then derived
by differentiating the energy with respect to displacement. The
stiffness in each stable state is calculated as the initial slope of the
force—displacement curves (see details on the semi-analytical
model in Section S3, Supporting Information). This approach
enables rapid evaluation of stiffness and height variation. The
semi-analytical model’s predictions for the stiffness values of
the iso-stiffness unit ((K¥%)s, = 974 Nmm?, (K&,),, =
104Nmm™'), the softening unit ((Kgh))., = 20.7 Nmm !,
(K59 ) = 3.59Nmm™), and the stiffening unit ((K§if) =
432Nmm?, (K$iff ), = 21.1Nmm™) closely align with the
experimental results, therefore validating the model (see
Figure 3B).

We use our semi-analytical model to conduct a parametric
study over a design space characterized by [ry, 0oy, Oos] €
[0.5,2.0] x [10°,70°] x [10°,70°]. For each variable, we use
10 linearly spaced points, leading to 1000 different geometries.
The parametric study reveals various possible scenarios:

www.aem-journal.com

1) monostable, 2) no stiffness variation, 3) decreased stiffness,
and 4) increased stiffness and height. In particular, Figure 4
shows the influence of the geometrical parameter A on the stiff-
ness ratio n (see Figure S10, Supporting Information, for the
influence on height variation). When A = 0, the four extremities
of the von Mises trusses are coplanar and no stiffness variation is
observed. Then, two different behaviors are observed depending
on the sign of A. With the exception of a few cases, when A is
negative, the stiffness of the unit decreases when switching from
state 0000 to state 1111. In contrast, when A is positive, the stiff-
ness increases. The influence of A can be explained by the fact
that the stiffness of the unit essentially comes from the von Mises
trusses in the xz plane, highlighted in blue and red in the insets
of Figure 4. When these trusses are completely vertical (i.e.,
0o, = 0°), they are solicited purely axially, making the unit very
stiff. In contrast, when the trusses are inclined (i.e., 6,,, is maxi-
mal), resistance is mainly provided by the joints and the unit is
very soft. When A < 0, the initial angle in the first stable state,
Oos, is smaller than the angle in the second stable state, 0, (see
the highlighted blue trusses in Figure 4) which is why the stiff-
ness decreases. Conversely, when A > 0, 6,,, is bigger than 0,,,
(see the highlighted red trusses in Figure 4), resulting in an
increased stiffness. The bounds of the stiffness variation can
be determined by considering limit cases. The softest configura-
tions are obtained when the value of 6y,, is maximal. By only
considering the stiffness of the joints, we can calculate a lower
limit of the unit’s stiffness K, = 1.4 Nmm~™!. The stiffest con-
figurations are obtained when 6,,, = 0°. By only considering the
axial stiffness of the vertical von Mises trusses, we find an upper
limit K., = 88 Nmm ! (the derivation of K, and K,y can be
found in Section S3, Supporting Information). Therefore,
the stiffness variation is expected to lie within an interval
[Kmin/ Kmax> Kimax/ Kmin] = [0.016, 63], which is in good agree-
ment with the results given by the semi-analytical model, con-
firming the predominant role of the initial inclination of the
von Mises trusses in the xz plane on the compressive stiffness
of the unit.

State 0000 107

e Semi-analytical model
Iso-stiffness

o Stiffening

e Softening

Stiffness ratio n (—)

Figure 4. Evolution of the stiffness ratio as a function of A. The parameter A is defined as the algebraic distance between a first line connecting the
two ends of von Mises truss in the xz plane and a second line connecting the ends of the von Mises truss in the xy plane. Through semi-analytical
modeling, we show that when A =0, no change in stiffness is observed; however, when A < 0, the stiffness decreases, and when A > 0, the stiffness
increases. The green, red, and blue points correspond to the iso-stiffness, stiffening, and softening units, respectively.
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2.3. Post-Fabrication Modularity

Next, we now show that the reversible assembly process of the
unit enables its stiffness variation, 7, to be reprogrammed
post-fabrication. For this, we start from the stiffening unit
studied in Figure 3 with r§iff = 2.0, 653 = 20°, g = 55°, and
L35 = 10 mm (see Figure 5A(i)). The coupled von Mises trusses
within each face of the unit can be substituted with a new geom-
etry, forming a unit characterized by r}"/ Qf)zif L0 provided
that the new double von Mises truss is able to be attached to the
original frame without deforming it (see Section S4, Supporting
Information, for details on the geometric compatibility
conditions). For example, we find that a double von mises

truss characterized by rsLﬁff = 1.44, Gf)zif =340, Qf,ifzf =670

with L(S)iif, = 16 mm is compatible to the original stiffening unit.
We 3D print this new unit with thermoplastic polyurethane
(blue TPU 95A from Polymaker with E, =28 MPa—see
Figure 7A(ii)). In Figure 5B, we report the force-displacement
curves of the initial geometry (see the grey curves) and the
new geometry (see the blue curves) under compression in both
stable states. Whereas the original stiffening unit exhibits an
experimental stiffness variation of 1133{,{ = 3.64, the modified
one with blue von Mises trusses displays an experimental stift-
ness variation of q‘g}(ge = 1.49. While multistability alone enables
in situ modification of the unit’s effective stiffness in the two
stable states, modularity increases tunability by allowing changes
in the stiffness variation itself.

2.4. Sandwich Panel with Tunable Stiffness

We exploit the stiffness tunability of our mechanical metamate-
rial unit cell to build a sandwich panel displaying distinct com-
pressive and bending stiffness. The panel is composed of six
units enclosed between two acrylic plates (see Figure 6A). We
select a unit exhibiting a significant height variation, which also
proves to have a substantial change in stiffness. The process used

www.aem-journal.com

to determine its geometry (rfdWich — 1,14, Gf)f;d““h =28°,
gsndwich — 58°) js  described in Section S4, Supporting
Information. The unit is fabricated in six samples, which can
be fixed in a reversible manner between two acrylic plates (see
Figure 6A). First, we demonstrate in Figure 6B that the panel’s
compressive stiffness increases when all units are switched from
state 0000 to state 1111. Indeed, as the stiffness in compression
of a single unit increases when switching from state 0000 to state
1111 and since six units are combined in parallel, the effective
experimental compressive stiffness of the panel increases as well,
starting at K§ndvich — 454 Nmm ™' when all units are in state
0000 and rising to K5a14%ich = 70.8 Nmm ™", The compressive
stiffness measured experimentally for one unit is Kiit =
10.9Nmm ' in state 0000 and Kt = 14.9Nmm '. As the
six units are arranged in parallel, the expected stiffness of
the panel are 6 x Ki&it = 65.4 Nmm ™" in the first stable state
and 6 x K =894Nmm™' in the second stable state.
However, the experimentally measured values are significantly
lower than these calculated predictions. This discrepancy is likely
due to potential imperfections in the manufacturing of the units
and the assembly of the panel. In addition to the compressive
stiffness variation, two parallel phenomena lead to an increase
in bending stiffness when switching from the first stable state
to the second one. First, the core of the sandwich panel is stiffer
when all the units are in state 1111 compared to state 0000. Second,
as each unit’s height increases by 18% upon actuation, the sand-
wich panel’s overall thickness also increases, thereby redistributing
the constituent material about the neutral axis and enhancing its
second moment of area. By conducting a three-point bending test,
we confirmed that the panel’s bending stiffness increased from
528 Nmm ™' when all units are in state 0000 to 11.2 Nmm "
when all units are in state 1111 (see Figure 6C).

2.5. Surface Morphing

Lastly, we fabricate a second sandwich panel consisting of an
array of nine units, with an acrylic bottom surface and a top

B
20 T T T
F, E [ State 0000
n- . State 1111
e 4//&\;7Iu~ Lale

— = State 0000 |
m— State 1111

[

%.O O.IB 1.IO 1.5

Displacernent 4, (rum)

Figure 5. Post-fabrication reprogramming of stiffness variation through modularity. A) Using the reversibility of the assembly system described
in Figure 3A(iii), we start from the stiffening unit pictured in i) r. = 2.0, 8o, = 20°, 6, = 55° and obtain the unit shown in i) r, =1.44,
oy = 34°, Oy, = 67° by replacing the coupled von Mises trusses within each face. B) This change in geometry results in a modification of the stiffness
variation, as evidenced by the compression tests conducted. The experimental uncertainty is obtained by repeating the tests in compression five times.
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Figure 6. Application as a sandwich panel with tunable compressive and
bending stiffness. A) The sandwich panel consists of an array of six units
fixed between two acrylic plates. B) By performing a compression test, we
demonstrate its capability to change compressive stiffness (scale bar is
5 cm). C) The three-point bending test reveals its ability to change bending
stiffness (scale bar is 5 cm). The experimental uncertainty is obtained by
repeating the tests in compression and bending five times.

surface made of a thin 3 mm layer of ethylene propylene diene
monomer rubber to allow deformation. As the height of a unit
can change when transitioning between stable states, actuating
only one face allows the unit to bend about the axis perpendicular
to its normal (see Figure 1F). To show that this enables control
over the curvature of the top surface about the x and y axes, i.e., k,
and «,, respectively, we consider two types of units with different
geometries, denoted a and p. Importantly, these units are
selected to maximize height variation while meeting two condi-
tions. First, both units must be interchangeable, so that one can
be replaced by the other to allow for adjustments in the achiev-
able shapes of the panel. Second, to ensure continuity, unit f is
chosen such that its height in state 0000 matches the height of
unit a in state 1111. The process followed to select each unit
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geometry is detailed in Section S4, Supporting Information.
In Figure 7, we highlight with green and blue squares the a
and f units on schematics representing three different 3 x 3
arrangements of the sandwich panel. By selectively actuating dif-
ferent faces, we demonstrate that, depending on the geometry of
the units, we can transition from a flat surface (Figure 7A) to

Figure 7. Application as a sandwich panel with morphing surfaces.
A) Initially, the surface of the sandwich panel is flat. Two types of units
with distinct geometries are utilized, designated as a and f3. By selectively
actuating the faces of the units, different shapes are obtained depending
on the geometry of the units: B) a bowl, C) a saddle surface, and D) a
cylindrical surface. A white grid has been added on the top surface to better
visualize its 3D deformation.
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different programmed shapes. First, by placing a unit a in the
center and surrounding it with eight unit g, the height at the
center of the panel can be reduced by switching unit a from
the second stable state to the first. Simultaneously, the height
at the edges can be increased by actuating the sides of the unit
B in the corners of the panel, resulting in a bowl-shaped surface
(Figure 7B). Next, we position two units « in the middle of two
opposite sides of the panel. By deactivating the outward-facing
sides of both unit @, we can induce a negative curvature along
the x axis and, by activating the outward-facing sides of unit
B, we can induce a positive curvature along the y axis, creating
a saddle-shaped surface (Figure 7C). Finally, we place three units
a in the center line along the x axis and six units § on the sides.
By deactivating the faces of all unit a and by actuating the
outward-facing sides of unit 3, we create a zero curvature along
the x axis and a positive curvature along the y axis, resulting in
a cylindrical shape (Figure 7D). Although the top surface adapts
well to the inclination of the unit cells, folds can appear when the
curvature is positive. Negative curvature is also limited because
the top surface is being stretched. These effects could be mitigated
by using a softer material for the top surface and by increasing the
number of units in the array to achieve a smoother surface.

3. Conclusions

In summary, we introduced a multistable mechanical metama-
terial that leverages geometric frustration arising from the
assembly of two coupled von Mises trusses to achieve in situ stift-
ness tunability, shape-morphing capabilities, and modularity. By
modeling our unit cell both with FE methods and semi-analytical
approaches, we identified various possible behaviors within dis-
tinct regions of our design space: 1) monostability, 2) no stiffness
and height variation, 3) decreasing stiffness and height, and
4) increasing stiffness and height. Experimental validation was
performed using 3D-printed prototypes, resulting in the develop-
ment of several applications. These include demonstrating the
post-fabrication reprogrammability of stiffness variation through
the unit's modularity, creating a sandwich panel with tunable
compressive and bending stiffness, and designing a sandwich
panel capable of morphing a surface.

While this work primarily focused on the design and
fabrication of the mechanical metamaterial, manual actuation
is still required. Future work should explore remote actuation
to enhance ease of use and broaden application potential, which
can be achieved through the use of materials responsive to
temperature,”>*!) magnetic fields,"*'”*? and light,*! using
pneumatic actuation***”! or shape memory alloys.[*¥! Moreover,
various multimaterial fabrication techniques*” could be
employed to improve the manufacturing process by reducing
the number of parts to assemble and decreasing the scale
of the unit cell, thereby expanding the range of potential
applications. In this work, only the linear slope of the force—
displacement curves generated by the FE and semi-analytical
models was used to predict the stiffness of the unit in state
0000 and 1111. Predicting the entire curve through numerical
simulations would be important in applications requiring large
compression forces applied on the panels that could trigger
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buckling in the beams making the frame of the unit (see
Figure S4, Supporting Information).

We believe that the major advance of the proposed concept lies
in its combination of multiple functionalities, namely stiffness
tunability, shape morphing, and modularity. The integration
of these versatile attributes within a single unit showcases its
potential to impact current mechanical metamaterial design,
paving the way for innovative solutions in diverse engineering
fields. Our concept could be applied in acoustics to build adaptive
Helmbholtz resonators by controlling the absorption frequencies
based on shapel®” and stiffness,”! in aerospace to passively con-
tract and expand control surfaces to mitigate ice formation®* or
reduce drag,**! and in biomedical engineering to build tunable
prostheses and orthoses.”* For all applications, the modularity
of our mechanical metamaterials could be exploited to reprogram
functionality.

4. Experimental Section

The design, materials, and fabrication methods are summarized in
Section S1, Supporting Information. Details on the FE simulations are
provided in Section S2, Supporting Information. The semi-analytical
model is detailed in Section S3, Supporting Information. The process
for selecting the different unit geometries for the applications is described
in Section S4, Supporting Information.
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