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a b s t r a c t
Metamaterials constructed from origami units of different types and behaviors could potentially offer a
broader scope of mechanical properties than those formed from identical unit types. However, the geometric design rules and property programming methods for such metamaterials have yet to be extensively explored. In this paper, we propose a new kind of origami metasheet by incorporating a family
of different square-twist units. The tessellation rule of these metasheets is established to allow compatible mountain–valley crease assignments and geometric parameters among neighboring units. We
demonstrate through experiments that the energy, initial peak force, and maximum stiffness of the metasheets can be obtained by a summation of the properties of the constitutional units. Based on this, we are
able to program the mechanical properties of the metasheets over a wide range by varying the types and
proportions of the units, as well as their geometric and material parameters. Furthermore, for a metasheet with a fixed number of units, all the geometrically compatible tessellations can be folded out of
the same pre-creased sheet material by simply changing the mountain–valley assignments, thereby
allowing the properties of the metasheet to be re-programmed based on specific requirements. This work
could inspire a new class of programmable origami metamaterials for current and future mechanical and
other engineering applications.
Ó 2022 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
Mechanical metamaterials are human-made architected materials with exotic physical properties that are rarely available in natural materials. The behaviors of these metamaterials are dictated
by both their microstructures, also known as units, and their material constituents, which can be designed to acquire programmable
and tunable properties [1–3]. Initially, rationally designed mechanical metamaterials were developed to generate auxeticity (i.e., a
negative Poisson’s ratio) [4–7]. With the rapid advances in design
methods and additive manufacturing, a variety of counterintuitive
mechanical properties have emerged, including bi- and multistability [8–11], tunable thermal expansion coefficient [12,13],
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pentamode behaviour [14], high specific stiffness [15,16],
programmable stiffness [17,18], and in situ stiffness manipulation
[19].
Origami, the art of folding a two-dimensional (2D) sheet into a
three-dimensional (3D) sculpture following a pattern that is a set
of mountain and valley creases, offers an elegant and efficient
way of constructing metamaterials due to its superior capability
for shape transformation, abundance of existing patterns with systematically variable design parameters, and ease of manufacture.
Depending on the deformation characteristics, origami can be
divided into two categories: rigid origami and non-rigid origami.
In the former, the facets surrounded by creases rotate about the
creases in the folding process without any deformation within
themselves. Consequently, the mechanical response of rigid origami is dictated by the individual creases. The Miura-ori and its
derivatives are among the most-adopted rigid origami patterns in
the design of metamaterials [20–23]. Despite their simplicity, rigid
origami patterns have an inherent limitation: The sole energy
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input from crease rotations leads to a band of relatively low stiffness. This disadvantage can be somewhat mitigated by means of
slight modification to the pattern, such as the introduction of
imperfection [17,24] or geometric gradients [23,25]. But a resultant side effect is that the generic folding behavior of the pattern—and the subsequently rigorous theoretical model of the
rigid origami and programmability of its properties—is lost. Nonrigid origami involves both facet distortion and crease rotation
during folding. Typical examples include origami structures using
the Kresling pattern [18,26] and the Resch pattern [27,28]. Facet
deformation often substantially contributes to the overall stiffness
and enlarges the energy landscape of these metamaterials, resulting in an upper band of mechanical properties, as opposed to those
of metamaterials based on rigid origami. Although both rigid and
non-rigid origami have been explored in the past, the reported
metamaterial designs are usually formed by periodic tessellations
of a single type of either rigid or non-rigid origami patterns, and
thus are unable to cover the wide range of mechanical properties
provided by a possible combination of rigid and non-rigid origami
patterns.
To overcome such limitation, we propose a potential design
approach that combines rigid and non-rigid origami units within
a single metamaterial. By varying the proportion of each type of
unit, the mechanical properties can be tuned between an upper
limit posed by the non-rigid pattern and a lower limit set by the
rigid one. It should be noted that incorporating origami units of different types is generally not trivial, because origami units commonly have different crease numbers and mountain–valley
assignments and thus may not be compatible with each other. For
this reason, existing origami metamaterials are largely constructed
by tiling identical units or units with the same crease patterns but
different geometric parameters [23,29]. However, there exists a
very rare family of origami patterns known as the square-twist patterns [30–32], which possess an identical crease layout but can
have different crease mountain–valley assignments. A change in
the crease mountain–valley assignments actually affects how the
pattern is folded and, in some cases, the rigidity of folding
[33–35]. The identical crease layout makes it possible to tessellate
different units together while maintaining geometrical
compatibility in the flat and fully folded states. Folding a pattern
with such a mixture of units with different rigidities provides
ample opportunities to program the mechanical properties.
In this paper, we take advantage of this unique feature of the
square-twist patterns and propose a new type of metasheet [30–
32]. Previous work [36] has indicated that there are four possible
assignments of mountain and valley creases, as shown in Fig. 1,
leading to two non-rigid patterns known as types 1 and 2, and
two rigid ones referred to as types 3 and 4. Each square-twist pattern has distinct folding behavior and mechanical properties,
which have been thoroughly studied at the unit level [37,38]. More
recently, metamaterials formed solely by the rigid type-3 pattern
have been developed to achieve an adjustable Poisson’s ratio
[39]. In this paper, we propose the amalgamation of both rigid
and non-rigid patterns within a single metasheet, with the aim
of programming the metasheet’s mechanical properties in terms
of energy, load-bearing capability, and stiffness within an elevated
landscape by varying the type and proportion of different patterns.
The layout of this paper is as follows. The tessellation rule of the
metasheets composed of rigid and non-rigid types of square-twist
patterns with different geometric parameters is set up in Section 2.
In Section 3, a series of metasheets are designed and fabricated,
and quasi-static tension experiments are conducted to obtain the
deformation modes and force versus displacement responses. The
experimental results are presented and discussed in Section 4.
The relationship between the global mechanical properties of the
metasheets, the constitutional unit behaviors, and the property

Fig. 1. Crease mountain–valley assignments of four square-twist origami patterns
and their folded configurations. (a) type 1; (b) type 2; (c) type 3; (d) type 4 (scale
bar: 5 mm). Mountain and valley creases are described by solid and dashed lines,
respectively.

programming strategy are also given in this section. Finally, the
main findings of the research are summarized in Section 5, which
ends the paper.
2. Tessellation rule
To obtain the tessellation rule of the metasheets based on the
square-twist patterns, we first consider square-twist patterns with
an identical layout, defined by side length of square facet l, side
length of rectangular facet a, and angle a, as marked in Fig. 1(a).
Here, only three types of patterns—the non-rigid types 1 and 2 as
well as the rigid type 3 Figs. 1(a)–(c) are included in the tessellation. The rigid type-4 pattern is excluded Fig. 1(d), since it has a
similar mechanical response to type 3. When constructing the tessellation, the three types can be used as units either in the forms
shown in Figs. 1(a)–(c) or in their flip-overs—that is, units with
reversed mountain–valley crease assignments. It should be noted
that the flip-overs of the type-2 and -3 units are equivalent to
rotating each unit by 90° and 180°, respectively, whereas the
reversed type-1 unit is not. Hence, we treat the reversed type-1
unit, denoted by type 1R, as an independent unit in the tessellation.
As a result, we have four units, as shown enclosed in the upper box
of Fig. 2(a). Furthermore, since the units have rotational symmetry,
if we define those in the upper box of Fig. 2(a) as left-handed units,
then their right-handed counterparts, shown enclosed in the lower
box, can also be generated. In addition, the left-handed and righthanded versions of the same unit are different, because one cannot
be obtained by rotating or flipping the other. Therefore, a total of
eight units can be derived from the three types of square-twist patterns: Li, Ri (i = 1, 2, 3) for the left-handed and right-handed type-1,
-2, and -3 units, respectively, plus Lʹ1, Rʹ1 for the left-handed and
right-handed reversed type-1 units, respectively.
Having obtained the units, we then set up the compatibility
condition for those units to be blended together in the flat state.
It is apparent from Fig. 2(a) that each edge of the unit has a long
and a short crease perpendicular to and intersecting with it. When
two units are connected by a common edge side by side, the two
short creases intersecting with the common edge must both have
the same mountain–valley assignment and be colinear in order
to be merged to form a continuous crease, and so should the two
long creases. To visualize the connectivity of the units, we
introduce a schematic representation that is shown in color in
Fig. 2(a). Such a schematic representation was first used in a study
of origami patterns formed by degree-4 vertices [29]. Each edge of
the unit is represented as a colored serrated line. The arrow-shaped
83
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Fig. 2. Tessellation rule of the square-twist units with identical geometric parameters. (a) Mountain–valley assignments and jigsaw puzzle representations of the left-handed
and right-handed type-1, reversed type-1, type-2, and type-3 units; (b) a 2  2 tessellation defined by left- and right-handed units.

identical, since flipping over a unit or changing it from left-handed
to right-handed does not affect its folding behavior. Therefore, we
can categorize the eight units into three groups—namely, type-1
units including L1, R1, Lʹ1, and Rʹ1; type-2 units including L2 and
R2; and type-3 units including L3 and R3—and consider only the
number of each group in the study of the metasheet’s mechanical
properties. Consequently, only a small fraction of the vast pool of
tessellations with varying unit combinations is required to program the properties of the metasheets. For example, only 15
second-order units are required to design nine 4  4 tessellations
with varying proportions of type-1 units from 100% to 0 at an
interval of 25%, which are shown in Fig. 4. As in the case of 2  2
tessellations, all patterns shown in Fig. 4 have the same crease layout, although the mountain–valley assignments differ; that is, a
particular crease may be a mountain in one pattern but a valley
in another.
In addition to tessellating units with identical geometric parameters, it is possible to introduce geometric gradients in a tessellation. Continue to consider a 2  2 tessellation as an example. In
the general case, all four units can have different side length li
and twist angle ai (i = 1, 2, 3, 4). To satisfy compatibility conditions
on the common edges of adjacent units, the geometric parameters
of the units shown in Fig. 5 should satisfy the following equations:

protrusions in the left-handed units and the notches in the righthanded ones indicate the position of the pair of long and short
creases. In addition, the yellow color is applied when the short
crease is a mountain and the long one is a valley, and the green
color when the assignment is opposite. Following this schematic
representation, the geometrical compatibility condition dictates
that units can be joined only when the connecting edges have an
identical color and complementary serrated shapes.
Utilizing the eight units and the tessellation rule, we can design
metasheets in a way that is similar to playing a jigsaw puzzle.
Starting from square metasheets with 2  2 units, it can be seen
from Fig. 2(b) that left-handed units must be surrounded by
right-handed ones, although the selection of each quarter is not
unique. There are four shared edges in the 2  2 tessellation, and
each one can be either yellow or green, resulting in 16 (24) possible
combinations. Moreover, in each combination, there are two units
to choose from for each piece, resulting in 16 (24) possible tessellations. Therefore, the number of all possible 2  2 tessellations
is 256 (24  24). Excluding those that can be obtained by rotating
the others, 136 tessellations are left, which are arranged by the
numbers of the type-1-based units (L1, R1, Lʹ1, Rʹ1) and type-2based units (L2, R2) in Fig. 3. It is notable that the number of
type-3-based units (L3, R3) can be worked out by subtracting the
total of the other two types of units from the number 4. As in
the case of creating a single unit, the tessellations fall into two
groups that are mirror-symmetric to each other. Another important feature is that all the tessellations share the same crease layout, as shown in Fig. 2(b), and differentiate from each other only by
the mountain–valley assignments. This indicates that it is possible
to obtain all the designs using the same pre-creased sheet material,
and even to transform the metasheet from one design to another
by unfolding and refolding. In fact, this feature can be generalized
to any m  m pattern, in which m is a positive integer.
Starting from 2  2 tessellations, we can build larger metasheets using either of the following two methods. A straightforward method is to add one unit at a time based on the
established tessellation rule. Alternatively, we can use the 136
2  2 tessellations as second-order units to create larger tessellations, which is more efficient without missing any design. Theoretically, the number of tessellations increases exponentially with the
number of units; thus, m  m units could produce 2m(m+2) square
tessellations (see Section S1 in Appendix A for details). While this
enables great diversity in the metasheets, it also makes the design
process quite complicated. From the viewpoint of mechanical
property, nevertheless, it is not necessary to explore all the possibilities. This is because units out of the same type can be treated as

l1  sin a1 ¼ l2  sin a2 ¼ l3  sin a3 ¼ l4  sin a4
a11 ¼ a13 ; a31 þ l1  cos a1 ¼ a33 þ l3  cos a3
a21 ¼ a22 ; a41 þ l1  cos a1 ¼ a42 þ l2  cos a2

ð1Þ

a32 ¼ a34 ; a12 þ l2  cos a2 ¼ a14 þ l4  cos a4
a43 ¼ a44 ; a23 þ l3  cos a3 ¼ a24 þ l4  cos a4
It is important to note that, in the graded tessellation, the four
side lengths ai1, ai2, ai3, ai4 in a unit are no longer identical, and it
is necessary to define them individually. Metasheets with more
units can be designed following the same principle.
3. Fabrication and experimentation
To investigate the mechanical properties of the metasheets,
physical specimens of the nine 4  4 unit tessellations with different unit combinations, as shown in Fig. 4, were fabricated and
tested. The unit geometric parameters were set to be
l = a = 16.3 mm and a = 30°; thus, the dimensions of the metasheet
were 218.8 mm  218.8 mm in the unfolded state. The specimens
were fabricated from 0.4 mm thick polyethylene terephthalate
(PET). Along the creases, 0.8 mm  3 mm perforations were made
at 1.5 mm intervals using a Trotec Speedy 300 laser-cutting
84
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Fig. 3. The 136 2  2 tessellations arranged by the numbers of type-1- and type-2-based units.

machine (Speedy 300, Trotec, Austria), as shown in Fig. 6(a). The
creases were then produced by manual folding to the fully folded
state. Quasi-static tension experiments were conducted on the

specimens with a horizontal testing machine developed in-house.
The machine had a stroke of 800 mm and a load cell of 300 N. To
achieve a uniform deformation, a square loading mechanism
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Fig. 4. Nine 4  4 tessellations with varying number of type-1 units. (a) 16 type-1 units; (b) 12 type-1 and four type-3 units; (c) eight type-1 and eight type-2 units; (d) eight
type-1 and eight type-3 units; (e) four type-1, eight type-2, and four type-3 units; (f) four type-1 and 12 type-3 units; (g) 16 type-2 units; (h) four type-2 and 12 type-3 units;
and (i) 16 type-3 units.

Fig. 5. A 2  2 tessellation with geometric gradients.
Fig. 6. Tension experiment of the metasheets. (a) Crease design of the specimen
and square loading mechanism; (b) experimental setup.

composed of four linear guide rails and eight sliding fixtures was
designed to load the specimen at four corners and four middle
points of the sides, as shown in Fig. 6(b). Each specimen was
stretched at a loading rate of 0.2 mms1 until the diagonal length
reached 306 mm, at which point the metasheet was nearly completely unfolded and the reaction force rose quickly. The entire
deformation process of the specimen was recorded using a digital
camera (Canon 70D, Japan) at 25 frames per second, and the force
versus displacement curve was extracted from the loading
machine. In addition, three key mechanical properties of the
unit—the energy U, initial peak force Fmax, and maximum stiffness
Kmax—were calculated from the curve. The energy was defined as
the work done by the force during the loading process, and the

maximum stiffness was the largest tangent slope of the force versus displacement curve prior to the initial peak [37]. To obtain reliable results, three specimens were tested for each design.
In addition to the metasheets, individual type-1, -2, and -3 units
were also characterized experimentally, following the methods
provided in Refs. [37,38]. The unit samples adopted the same
geometric parameters and fabrication process as those of the metasheets. The facet bending stiffness and crease rotational stiffness of
the units were determined as kf = 0.70 N∙rad1 and kc = 0.44 N∙rad1,
and the yield rotation angle was determined as Duy = 22.92°. The
experimental normalized force (F/kf) versus the normalized
86
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synchronized deformation. To explain this in detail, we classify
the units into four groups based on their locations in the tessellation. T1–i units are in the four corners enclosed in the purple boxes;
they have two edges joined with surrounding units and two free
edges. T1–ii units are on the top and bottom sides of the metasheet
enclosed in the yellow boxes; they have three edges joined with
those of the neighboring units and are loaded at the long side of
the rectangular facets. T1–iii units are on the left and right sides
enclosed in the blue boxes; they also have three edges joined with
neighboring units but are loaded at the short side of the rectangular facets. Finally, T1–iv units are in the middle enclosed in the red
box; they are characterized by four common edges with neighboring units. The deformation of the metasheet can be divided into
five stages. At stage 1 from the beginning to configuration I, all
the units are stretched simultaneously until the force reaches its
initial peak. Subsequently, at stage 2 between configurations I
and III, the long rectangular facets formed by the neighboring
T1–i and T1–iii units on the left and right sides of the metasheet start
to bend inward (configurations II and III), resulting in a slight drop
in force. The rectangular facets on the right side bend slightly
ahead of those on the left side, probably due to a small geometric
imperfection during fabrication. At this stage, all the units are still
locked. Upon further loading, the metasheet enters stage 3
bounded by configurations III and IV, where the eight T1–ii and
T1–iv units first open up (configuration IV), corresponding to
another small peak followed by a sharp drop in force. Afterward,
at stage 4 between configurations IV and V, the eight T1–i and
T1–iii units (configuration V) pop open, and the force is further
reduced. Finally, all the unlocked units are further stretched to flat
at stage 5 bounded by configurations V and VI, and the force rises
again.
To predict the energy, initial peak force, and maximum stiffness
of the metasheets, we consider the units as nonlinear springs and
the metasheet as an assembly of springs connected in series and
parallel. With the predicted unit behaviors in Figs. 7(b)–(d), the
predicted energy of the metasheet is the simple summation of unit
energies. The predicted initial peak force and maximum stiffness of
the metasheet are obtained by adding up those of the units and
then dividing them by 4 and 42, respectively, since the metasheet
has a 4  4 unit arrangement. Fig. 8(g) compares the experimental
and predicted results of the three uniform metasheets. In general,
there is a reasonably good agreement between the experimental
data and predictions. For the metasheet composed of type-1 units,
the predictions tend to underestimate the energy. This is mainly
caused by the extra bending of the rectangular facets on the left
and right sides, which is not observed at the unit level.

Fig. 7. Mechanical properties of the three types of units. (a) Normalized force (F/kf)
versus displacement (Dx/Dxmax) curves. For each curve, the solid line is the
averaged result of three tests, and the shaded band is the standard deviation; (b–d)
experimental and predicted normalized (b) energy U/(kfl), (c) initial peak force Fmax/
kf, and (d) maximum stiffness Kmaxl/kf. The natural dihedral angles formed by the
square and trapezoidal facets of the type-1, -2, and -3 units were experimentally
determined to be 19.6°, 25.2°, and 28.3°.

displacement (Dx/Dxmax) curves of the three units are drawn in
Fig. 7(a), and the normalized energy U/(kfl), initial peak force
Fmax/kf, and maximum stiffness Kmaxl/kf, are presented in
Figs. 7(b)–(d). It can be seen that all three properties of the
type-1 unit are remarkably greater than those of the type-2 and
-3 units. Moreover, the three properties of the type-1 unit are predicted using the empirical formulas in Ref. [37], and those of the
type-2 and -3 units using the theoretical formulas in Ref. [38]. As
shown in Figs. 7(b)–(d), these predictions match reasonably well
with the experimental data, which will later be utilized to program
the properties of the metasheets.
4. Results and discussion
4.1. Mechanical properties of uniform metasheets

4.2. Mechanical properties of mixed metasheets
The deformation processes and normalized force (F/kf) versus
normalized displacement (Dx/Dxmax) curves of the three metasheets composed of a single type of unit are presented in Fig. 8.
We first investigate the performance of the metasheet formed by
the rigid type-3 units. It can be seen from Fig. 8(a) that a simultaneous unfolding of all the units is obtained, leading to a slowly rising force followed by a long plateau. Similarly, the metasheet
comprised solely of non-rigid type-2 units shows a synchronized
unfolding process among the units, which is shown in Fig. 8(b).
As a result, a smooth force curve is generated, as in the case of a
single type-2 unit.
Subsequently, we examine the metasheet formed by 16 type-1
units, as shown in Fig. 8(c). In general, the metasheet still exhibits a
response similar to that of the individual unit shown in Fig. 7(a),
which is characterized by a high initial peak force and a sharp force
drop due to the unlocking of the units, followed by a short plateau
that is mainly caused by the rotation of the creases. Nevertheless,
the units show a noticeable trend of sequential rather than

Having studied the performance of uniform metasheets, in this
section we examine the behavior of metasheets formed by a mixture of different units. First, we consider a metasheet based on the
design shown in Fig. 4(b) that contains 12 type-1 and four type-3
units in the corners. It can be seen from Fig. 8(d) that a sequential
deformation process similar to that of the uniform metasheet with
type-1 units is generated. After the initial uniform deformation, the
rectangular facets on the left and right sides bend inward; then, the
eight T1–ii and T1–iv units open up, followed by the four T1–iii units.
In addition, the type-1 units from the same groups as those in the
uniform metasheet also tend to deform in the same manner,
implying that the behavior of the type-1 unit is mainly determined
by its location in the metasheet where the boundary condition is
the same. The type-3 units, on the other hand, roughly unfold continuously. Due to the similar deformation process, the force curve
is also close in shape to that of the uniform metasheet, but the
magnitude is reduced due to the presence of four type-3 units.
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Fig. 8. Deformation processes and mechanical properties of the metasheets. (a–c) Normalized force vs displacement curves and key configurations of the uniform metasheets
composed solely of type-3, type-2, and type-1 units, respectively; (d, f) normalized force versus displacement curves and key configurations of the mixed metasheets
consisting of 12, eight, and four type-1 units that are supplemented by type-3 units; (g) comparison of normalized energy, initial peak force, and maximum stiffness between
the experimental results and predictions. The natural dihedral angles formed by the square and trapezoidal facets of the type-1, -2, and -3 units used in the prediction were
experimentally determined to be 19.6°, 20.5°, and 24.3°. T: type.

constrained edges, pop open in advance of the four T1–iv units in
the middle, resulting in two comparable local peaks on the force
curves. A small local peak force occurs between configurations I
and II, because the four T1–i units do not open simultaneously.

For a metasheet of the design shown in Fig. 4(d), in which the
number of type-1 units is further reduced to eight while the number of type-3 units becomes eight, Fig. 8(e) shows the deformation
process. The four T1–i units at the corners, which have fewer
88
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Fig. 9. Programmability of the mechanical properties of 4  4 metasheets. (a–c) Normalized energy, initial peak force, and maximum stiffness of the metasheets with varying
numbers of type-1 units from 0 to 16; (d–l) normalized energy, initial peak force, and maximum stiffness of the metasheets with varying geometric and material parameters.
More specifically, in (d, f), a/l varies from 0.5 to 4.0, while a = 30° and kc/kf = 0.63; in (g–i), a varies from 20° to 45°, while a/l = 1 and kc/kf = 0.63; and in (j–l), kc/kf varies from
0.25 to 0.75, while a/l = 1 and a = 30°.

resulting in a force curve similar to that of a single type-1 unit,
as shown in Fig. 8(f).
Using the same method, the predicted energy, initial peak force,
and maximum stiffness of the six mixed metasheets are calculated.

Furthermore, inward bending of the long rectangular facets is no
longer evident. For a metasheet consisting of only four type-1 units
in the middle surrounded by 12 type-3 units, whose design is given
by Fig. 4(f), the type-1 units tend to pop open at the same time,
89
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A similar reprogramming/reconfiguring strategy was used at the
unit level to design frequency-reconfigurable antennas [32]. With
our proposed tessellation designs, the variety and tunable range
can be greatly expanded.
By further incorporating the unit geometric and material properties, continuous fine-tuning over a wide bandwidth can be
achieved. The effect of varying the side lengths ratio, a/l, in conjunction with the number of type-1 units in the 4  4 metasheets
is presented in Figs. 9(d)–(f). It can be seen that increasing a/l
within the range of 0.5–4.0 tends to increase all three mechanical
properties, regardless of the number of type-1 units. Moreover, any
value in between the two adjacent steps in Figs. 9(a)–(c) can be
obtained by selecting a/l appropriately. As shown in Fig. 9(a), the
normalized energy U/(kfl) is 223.6 when there are eight type-1
units in the metasheet and becomes 234.4 when there are nine.
In order to obtain a U/(kfl) = 229.0, which is the average of the previous two, we can keep eight type-1 units and increase a/l from
1.00 to 1.06, or preserve the number of type-1 units as nine and
reduce a/l from 1.00 to 0.94.
The effect of the other geometrical parameter a, is presented in
Figs. 9(g)–(i), where a changes from 20° to 45°. Similar to a/l, an
increase in a leads to improvements of all three properties. However, the effect of increasing type-1 units on the initial peak force
and maximum stiffness is prominent only when a is relatively
large and beyond about 30°. This is because, when a is small, the
unit is less twisted when folded, resulting in sharp reductions in
both initial peak force and maximum stiffness for the type-1 unit.
Finally, the effect of varying kc/kf, the ratio of crease rotation
stiffness to facet bending stiffness, between 0.25 and 0.75 is

A comparison is made with the experimental data, as shown in
Fig. 8(g), from which a good agreement is again observed. Thus,
we can safely conclude that the properties of the metasheets can
be well predicted by the unit results.
4.3. Properties programmability
Having demonstrated that the energy, initial peak force, and
maximum stiffness of the metasheets can be obtained by simply
summing up the corresponding unit properties, which are predictable theoretically or empirically, we can now program the
material properties of a metasheet through a coarse-stepped tuning by proportioning different units within the metasheet and
through a fine continuous tuning by means of geometric and material parameters. To demonstrate this, we consider a series of 4  4
metasheets composed of type-1 and type-3 units, which have identical geometric and material parameters as those in Sections 4.1
and 4.2. The number of type-1 units that play a major role in determining the properties changes from 0 to 16 (see Section S2 in
Appendix A for details). Figs. 9(a)–(c) shows the variation of normalized energy, initial peak force, and maximum stiffness of the
metasheets. As expected, all three properties increase linearly with
the number of type-1 units in a stepped manner. In addition, since
all these 4  4 metasheets can be fabricated out of the same crease
layout, as demonstrated in Section 2, we can even reprogram a single metasheet in response to specific needs by folding it differently.
For example, we can first fold it to the design with only type-3
units to achieve a low force, and then unfold and refold it to the
design with only type-1 units to obtain a higher initial force peak.

Fig. 10. Graded 4  4 metasheet with type-1 units. (a) Pattern and geometric parameters; (b) normalized force versus displacement curve and key configurations.
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the desired tessellation and design parameters to meet a specific
requirement.

presented in Figs. 9(j)–(l). Changing kc/kf primarily alters the total
energy of the metamaterial and is less effective on tuning either
the initial peak force or maximum stiffness. Again, this parameter
can be used to obtain any value between the two neighboring steps
in Figs. 9(a)–(c), as in the case of a/l and a. It should be noted that,
in this discussion, all the units in a metasheet are assumed to have
identical geometry and stiffness. Using unit types, design parameters, or a combination of both, it is possible to tailor the properties
of the metasheet to meet specific requirements. For example, in
order to design an impact energy absorption device, which requires
a low initial peak force but high energy absorption, the number of
type-1 units should be lowered because doing so results in a high
peak, while large values of a/l, a, and kc/kf should be selected to
maximize the energy absorption.
Unit grading can also be introduced to further enhance the performance of a metasheet. In certain engineering applications, such
as non-lethal projectiles for peace-keeping operations, a graded
stiffness could enhance the functionality of structures or materials
[40]. By purposely introducing a geometric gradient into a metasheet, a sequential deformation mode and a graded response can
be engineered. To demonstrate this, a graded 4  4 metasheet
consisting of only type-1 units with the dimensions shown in
Fig. 10(a) was designed, fabricated, and tested following the
procedure outlined in Section 3. Fig. 10(b) shows that the eight
units along the left and right sides—which have a small a and thus
a lower initial peak force—first open up, followed by the eight
middle ones with a larger a. As a result, a graded force response
with two consecutive local peaks is obtained. More local peaks
can be triggered by increasing the number of units; the position
and magnitude of each peak can be programmed as well, based
on the properties of the units.
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