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Geometrical frustration induced anisotropy and inhomogeneity are explored to achieve unique properties of metamaterials that set
them apart from conventional materials. According to Neumann’s principle, to achieve anisotropic responses, the material unit cell
should possess less symmetry. Based on such guidelines, we present a triclinic metamaterial system of minimal symmetry, which is
originated from a Trimorph origami pattern with a simple and insightful geometry: a basic unit cell with four tilted panels and four
corresponding creases. The intrinsic geometry of the Trimorph origami, with its changing tilting angles, dictates a folding motion
that varies the primitive vectors of the unit cell, couples the shear and normal strains of its extrinsic bulk, and leads to an unusual
Poisson’s effect. Such effect, associated to reversible auxeticity in the changing triclinic frame, is observed experimentally, and pre-
dicted theoretically by elegant math formulae. The nonlinearities of the folding motions allow the unit cell to display three robust
stable states, connected through snapping instabilities. When the tristable unit cells are tessellated, phenomena that resembles lin-
ear and point defects emerge as a result of geometric frustration. The frustration is reprogrammable into distinct stable and inho-
mogeneous states by arbitrarily selecting the location of a single or multiple point defects. The Trimorph origami demonstrates the
possibility of creating origami metamaterials with symmetries that were hitherto non-existent, leading to triclinic metamaterials with
tunable anisotropy for potential applications such as wave propagation control and compliant micro-robots.

1 Introduction

Anisotropic materials have properties that vary with respect to different spatial directions. Such feature
is preferred in many applications, for instance, when the intended use is to carry loading that requires
different stiffness and strength in different directions. While many materials might have the required
stiffness and strength, an anisotropic material might display higher strength to weight ratio along pref-
erential directions [1]. Bone tissue, wood, nacre, and muscles, are all examples of anisotropic materials
[1, 2, 3]. These examples from nature follow the Neumann’s principle [4], which states that to achieve
anisotropic responses, the material microstructures should possess less geometric symmetry. Following
advances in manufacturing, researchers have been able to mimic natural materials by creating mechan-
ical metamaterials with engineered subscale microstructures, offering a variety of special and unusual
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properties [5, 6, 7, 8,9, 10, 11, 12], such as negative thermal expansion [13, 14], negative Poisson’s ra-
tio [15, 16, 17], vanishing shear modulus [18], and shear-normal coupling [19, 20]. However, most existing
designs of mechanical metamaterials have properties that are limited to either isotropic or orthotropic
symmetries. The full spectrum of anisotropic responses is yet to be explored. For instance, it is unclear
how common properties defined under isotropic or orthotropic symmetry could be generalized, and how
traditionally independent properties would couple with each other, in systems with less or zero symme-
tries.

Among different types of unit cell symmetries for a periodic system, the triclinic symmetry is the one
that yields fully anisotropic properties [1, 21, 22]. The triclinic symmetry describes a periodic system
whose primitive vectors are of unequal length, and the angles between these vectors are all different and
may not even include 90 . Due to its rich design space, origami structures have been a major source of
inspiration for creating metamaterial microstructures with various symmetry types [23, 24, 25, 26, 27,
28, 29, 30]. In the literature, some tubular origami-based metamaterials have been created to achieve tri-
clinic symmetry [31]. However, the disadvantage of tubular designs is that their unit cell geometry and
configuration space are typically intricate, involving several parameters. Consequently, the energy land-
scapes of their tessellations are usually difficult to program [32], which is critical for generating repro-
grammability. Conversely, in this work, we introduce a simple and effective origami pattern composed of
degree-4 unit cells (consisting of four tilted panels and four corresponding creases), which is assembled
into a class of triclinic mechanical metamaterials displaying reprogrammable defects, with neither rota-
tional nor reflective symmetry.

The aforementioned origami, named the Trimorph pattern, can be continuously folded into three dis-
tinct modes along the kinematic path and two flat-folded states, allowing the metamaterial unit cell to
reconfigure itself and hence significantly change all the Bravais lattice parameters of the triclinic crystal
family (three angles and three lengths). Consequently, the elastic properties of the metamaterial are tun-
ably anisotropic, leading to unusual Poisson’s effect and shear-normal coupling in the changing triclinic
frame. By tuning the fold energy parameters, we can show that the unit cell has three stable states, each
residing in a different mode. Zooming out from the unit cell to 1D, 2D, and 3D assemblies, we show that
the resultant metamaterial can switch reversibly among different frustrated states, causing an initially
homogeneous system to have intended inhomogeneity, as shown in Fig. 1. As the first report of this tri-
clinic metamaterial, we would mainly focus on the behavior of the Trimorph unit cell and resulting 2D
tessellations. However, 3D assemblies are possible by stacking the 2D tessellations, as shown in Figs. 1H
and 1I, whose mechanical behavior is largely inherited from their 2D parents.

In summary, we investigate the Trimorph pattern through mathematical analyses, numerical simulations,
and experimental validation, including both rigid and non-rigid behaviors. We propose a theory to quan-
tify the Poisson’s effect in the changing triclinic frame through the lattice Poisson’s ratio. To quantify
the unusual Poisson’s effect experimentally, we establish both a manufacturing technique for this non-
developable pattern, and an experimental device named the Saint-Venant setup. According to the Saint-
Venant principle [33], extra zones near the boundary of a tested sample must be excluded when evalu-
ating the properties of the material, which leads to a need for large enough samples in conventional me-
chanical testing to ensure a uniform deformation in the central portion of the sample. We demonstrate
that the Saint-Venant setup alleviates the influence of unwanted boundary effects, leading to precise and
reliable measurements on relatively small samples that represent the physics of the parent periodic sys-
tem [34]. We further observe that the Trimorph metamaterial displays equal but opposite Poisson’s ratio
under stretching and bending by our generalized lattice-based definition (this was previously observed in
standard origami metamaterials only when their lattice and principal Poisson’s ratios coincide, i.e. under
strict orthotropic symmetry conditions [17, 35, 36]). We discover the existence of line and point defects
in the multistable Trimorph based metamaterial, and study their scaling effect, which is relevant for ac-
tual applications. We identify that the point defect causes significant frustration of the metamaterial.

As both the line and point defects are recoverable, we can control the location of the defects in a piece
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of metamaterial, and thus reprogram its frustrated state(s). As the aforementioned manufacturing tech-
nique allows precise control of the properties of each folding hinge, we are able to observe and demon-
strate the defects on physical samples extracted from periodic systems.

Figure 1: Trimorph origami-based triclinic metamaterials. (A) A piece of metamaterial based on 2D tessellation of the
Trimorph origami. (B-G) Different self-stressed stable configurations of the metamaterial shown in A. (H) A 3D metama-
terial assembly obtained by stacking the 2D metamaterial. (1) A different stable configuration of the 3D metamaterial, in
analogy to state (D) of the 2D metamaterial. Scale bar: 20mm.

2 Triclinic Configuration Space

To understand the mechanical behaviour of the triclinic metamaterial, we start by examining the geome-
try of the Trimorph origami. A Trimorph unit cell consists of four rhombus panels, as shown in Figs. 2A
and 2B. We denote the vertices as Oy to Oy, the folding angles as 1 to 4, and the two angles between
opposite creases as and . The four panels are characterized by angles , , and uniform side length
a. Compared to the well-known Miura-ori and eggbox patterns [35, 36, 37|, the Trimorph pattern dis-
tinguishes itself by having a triclinic symmetry, which means that the bounding box of a Trimorph unit
cell is composed of non-orthogonal faces, as shown in Fig. 2C. Taking the parallelogram O,;0,0403 as a
base, if 0,07 is placed along the X-direction, O;Qy is not parallel to the y-axis. The folding kinematics
of a Trimorph unit cell is described by an implicit function of the opposite crease angles and

f(; )=4cos® cos’ 4(cos® +4cos® )+ 16 1(cos +cos ) 8 ycos cos 3=0 (1)
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The coefficients are given by:

| =cos® cos ; (2)
o= (cos2 + cos? ); (3)
3 =sin’2 +cos® (4+8cos?2 ): (4)

Clearly, f( ; )=f( ; ), which reflects an algebraically symmetric role of and , as plotted in Fig. 2D.
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Figure 2: Geometry of the Trimorph unit cell. (A) Schematic with notation of vertices, panel angles, and folding angles.
(B) Sketch of a Trimoprh unit cell in the Cartesian frame. (C) The triclinic bounding box of the Trimorph unit cell. (D)
The kinematic path that shows all configurations during folding. The colors of the panels in the insets consistently follows
the color code in A and B. (E-F) Variations of the kinematic path due to change of the defining angles of the Trimorph
pattern, i.e., and . (G) Relationships between the folding angles: 1 vs. 5, and 3 vs. 4. (H) The triclinic lattice an-
gle ; vs. folding angle 3. (I) 2 vs. zand 3vs. 3.

Different ranges of and lead to three modes of the Trimorph unit cell, which are: Miura mode - type
I, eggbox mode, and Miura mode - type II. The eggbox mode has four mountain folds (inset (4) in Fig. 2D).
The two Miura modes have three mountain folds and one valley fold, similar to the well-known Miura-ori
pattern. The two Miura modes are different as in type I, O504 is a valley fold with < 3 <2 (insets
(1), (2) in Fig. 2D); while in type II, O50g is a valley fold with < 4 <2 (insets (6), (7) in Fig. 2D;
also, see Fig. 3). The three modes are topologically different in terms of their Gauss maps, as shown in
Fig. 3. While the eggbox mode projects a convex spherical quadrilateral, the two Miura modes project
spherical bow-ties in two different orientations. The two transition states between the three modes have
degenerate creases (either O50g, or O50g) that become flat (insets (3), (5) in Fig. 2D). The Trimorph

unit cell has two flat folded states, as shown by the insets (1), (7) in Fig. 2D, with distinct orders of folded
panels. Varying the values of design variables and , we obtain different shapes of the implicit function
f( ; ) (Figs. 2E-F). When = 90 , the Trimorph pattern becomes the Barreto Mars pattern [38] with
the eggbox mode vanishing; When = 0 , the Trimorph pattern degenerates to the standard egghbox



Figure 3: Spherical polygon and Gauss map representations of the three characteristic modes of the Trimorph unit cell.
This gure connects the math of spherical trigopnometry and the programmable states of matter.

pattern with the two Miura modes vanishing. These are particular cases obtained from the intrinsic geo-
metric parametrization of the pattern.

The folding angles can be derived using spherical trigonometry fromand (Supporting Information).
Their mutual relationships are plotted in Fig. 2G. To describe the folding kinematics of a Trimorph unit
cell, both and are needed, because only using either one of the two leads to ambiguous situations.
Therefore, we typically use 3 (or 4) to parametrize the kinematic path, because throughout the range
of folding, the angle 3 (or 4) has a unique value for each con guration. In each mode, the Trimorph
unit cell display distinct folding motion, which leads to di erent mechanical properties of the tessellated
metamaterial, such as the sign of Poisson's ratio and shear-normal coupling coe cient. Therefore, we
can regard each mode as the fundamental structure of di erent material phases.

The triclinic bounding box of a Trimorph unit cell is characterized by the three angles:;, ,, 3, as shown
in Fig. 2C. The value of i, the projected angle onto thexy-plane, as a function of 3 is plotted in Fig. 2H.
For most range of folding, ; stays close to 90 especially in the eggbox mode and whenis small. Hence,
it can be di cult to notice this non-orthogonality on physical models. Similarly, the variation of angles

o and 3 are plotted in Fig. 21. They play important roles when we tessellate the pattern in three di-
mensions. Unlike 1, the other two triclinic angles often deviate signi cantly from 90.



