
www.afm-journal.de

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH2103428 (1 of 12)
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A Fabrication Strategy for Reconfigurable Millimeter-Scale 
Metamaterials

Hayley D. McClintock, Neel Doshi, Agustin Iniguez-Rabago, James C. Weaver, 
Noah T. Jafferis, Kaushik Jayaram, Robert J. Wood, and Johannes T. B. Overvelde*

Rather than depending on material composition to primarily dictate perfor-
mance metrics, metamaterials can leverage geometry to achieve specific 
properties of interest. For example, reconfigurable metamaterials have enabled 
programmable shape transformations, tunable mechanical properties, and 
energy absorption. While several methods exist to fabricate such structures, 
they often place severe restrictions on manufacturing materials, or require 
significant manual assembly. Moreover, these arrays are typically composed 
of unit cells that are either macro-scale or micro-scale in dimension. Here, the 
fabrication gap is bridged, and laminate manufacturing is used to develop a 
method for designing reconfigurable metamaterials at the millimeter-scale, that 
is compatible with a wide range of materials, and that requires minimal manual 
assembly. In addition to showing the versatility of this fabrication method, how 
the use of laminate manufacturing affects the behavior of these multi-compo-
nent arrays is also characterized. To this end, a numerical model that captures 
the deformations exhibited by the structures is developed, and an analytic 
model that predicts the strain of the structure under compressive stress is built. 
Overall, this approach can be leveraged to develop millimeter-scale metamate-
rials for applications that require reconfigurable materials, such as in the design 
of tunable acoustics, photonic waveguides, and electromagnetic devices.
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rial properties from their often elaborate 
physical structures. These complex geo-
metric forms can be designed to enable 
mechanical properties thought to be unre-
alizable in amorphous or crystalline mate-
rials, such as negative compressibility,[1,2] 
negative thermal expansion,[2,3] vanishing 
shear modulus,[4,5] and negative Poisson’s 
ratio.[6,7] In addition to employing structure 
to directly affect mechanical performance, 
recent years have seen the development of 
multifunctional metamaterials, in which 
the behavior of the material is dictated 
through geometrical reconfigurations of 
their internal structure. These designs 
allow for variable geometric states, each 
with the capacity to exhibit unique prop-
erties by altering the orientation of the 
unit cells, with applications ranging from 
microwave absorbers,[8,9] to acoustics,[10,11] 
and optics.[12,13]

To design reconfigurable metamate-
rials, researchers often take inspiration 
from origami principles, describing the 
material’s structure with a set of periodic 

linkages. The stiffness of these structures is typically highly 
anisotropic, where low stiffness represents an internal folding 
mode along which the structure of the metamaterial can be 
reconfigured, and the high stiffness directions can be employed 
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1. Introduction

In addition to intrinsic properties based on the chemical com-
position of their components, metamaterials derive their mate-
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to bear applied loads. Importantly, the use of folding places sig-
nificant constraints on the internal architecture and materials 
used, as a result of stress and deformation that localizes at 
folds. For example, achieving such deformation requires either 
the use of large differences in material thickness, the use of 
materials with different elastic moduli, or both.

While many origami-inspired reconfigurable metamaterials 
exist, including those based on the Miura-ori pattern,[14–16] cubic 
lattices,[17] the hypar,[18] the Sarrus linkage,[19,20] and other origami 
patterns,[21,22] most of them are not yet available at the desired 
application-specific length-scales or cannot be fabricated using a 
wide range of materials. For comparison purposes, an overview 
of different metamaterial geometries, their fabrication methods, 
constituent materials, and characteristic length scales are shown 
in Table  1. While a variety of manufacturing techniques such 
as 3D printing,[23,24] casting,[6,25,26] and laser cutting[17,27–30] can 
be used to produce these foldable metamaterials at the macro-
scale (unit cells >1 cm), most of these techniques require manual 
assembly of the metamaterial’s sub-components, a task that 
grows in complexity, and quickly becomes intractable, as the 
number of components increases. In contrast, more automated 
and highly parallel fabrication techniques such as two photon 
lithography (TPL),[15,31,32] direct-laser-writing (DLW) lithog-
raphy,[33,34] self-propagating polymer waveguides (SPPW),[35] 
and projection micro-stereolithography (PμSL)[36] can be used to 
manufacture metamaterials at the micron- and sub-micron-scale 
(unit cells less than 1 mm). While manual assembly can be com-
pletely circumvented at this scale, other disadvantages emerge. 
For example, these techniques use a very limited diversity of 
materials for fabrication, and since they rely on the photo-
polymerization of cross-linkable resins from the bulk, do not 
permit the production of multi-material constructs.

To overcome these limitations and bridge the gap between 
macro- and micro-scale metamaterials (i.e., to develop millimeter- 
scale metamaterials) the development of new fabrication strat-
egies is required. If realized, these millimeter-scale reconfig-
urable metamaterials could be used in the design of medical 
devices,[22] end-effectors,[37] and functional structures (e.g., 
handles, wrenches, and pliers[38]). To address these needs, 
we employ laminate fabrication techniques, typically used for 
the production of printed-circuit microelectromechanical sys-
tems (PC-MEMS)[39] and smart composite micro-structures 
(SCM).[29,40] Previously, these techniques have been success-
fully employed to design and manufacture complex, articu-
lated 3D mechanisms,[41–43] and as such, have several key 
advantages for the design of reconfigurable metamaterials. 
For example, the resulting mechanisms start from, and can 
be folded back into, a flat configuration. Moreover, the fabrica-
tion of these structures requires minimal manual assembly, 
and in certain cases, the assembly process can be completely 
automated for improved alignment and precision.[43] The 
laminate manufacturing process also accepts a wide range 
of materials, including fiberglass, carbon fiber, and various 
metals and polymers, since the only constraints are the tem-
perature and pressure applied during bonding.[40] Finally, 
using a lamination-based manufacturing process also offers 
additional advantages such as scalability. For example, dimen-
sional parameters can easily be adjusted for micro- to macro-
scale applications.[44]

In the present study, we use a four-sided Sarrus linkage 
(Figure  1) as the unit-cell for our metamaterial, as its simple 
single degree of freedom (DOF) kinematics and layered structure 
make it well-suited for fabrication using laminate manufacturing 
approaches.[43] It is important to note, however, that a variety of 

Table 1. Metamaterials fabricated using different methods and materials, spanning from the macro-scale to the micro-scale.

Characteristic length Metamaterial Fabrication method Constituent material

[27] 100–200 mm Prismatic architected material Laser cutting Cardboard with double-sided tape

[24] 50–100 mm 2D orthotropic lattice structure 3D printing Vero white plus

[28] 30–100 mm Shape reconfigurable material Laser cutting Polytetrafluoroethylen sheets

[17] ≈60 mm Extruded cube tessellation Laser cutting Polyethylene terephthalate with double-sided tape

[6] 30–40 mm Bucklicrystals Casting Soft silicon-based rubber (vinyl polysiloxane)

[29] ≈30 mm Programmable origami matter Laser cutting E-glass fiber (104 weave), impregnated with RS-30 
resin and two component silicone

[25] ≈20 mm Biholar sheet Casting Two component silicone elastomer

[26] ≈20 mm Periodic monodisperse circular hole arrangements Casting Two component silicone elastomer

[23] 12.5 mm Interleaved tube cellular structure 3D printing UV photocured acrylic

[36] 10 mm Stent graphs PμSL Ni-rich TiNi SMA foils

[30] 8 mm Hierarchical kirigami Laser cutting Polyester elastic sheet

This work 8 mm Sarrus linkage metamaterial Laminate fabrication FR4 sheets and polyimide films

[16] 6 mm Miura-ori sheet DLP 3D printing Photocurable resin

[35] 100–500 μm Hollow-tube nanolattice with an octet-truss geometry SPPW Nickel-phosphorous

[15] 25 μm Miura-ori tubes assembly TPL Two-photon liquid photoresist

[34] 15 μm Hexagonal frames with integrated horizontal test struts DLW Two-photon liquid photoresist covered with alumina

[32] 10 μm 3D composite microarchitectures TPL Alumina

[33] 10 μm Bow-tie metamaterial DLW Two-photon liquid photoresist

[31] 5–15 μm Hollow-tube nanolattice with an octet-truss geometry TPL Alumina
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different unit-cells can be used, including other one-DOF link-
ages (e.g., an n-sided Sarrus, a scissor linkage, a four-bar, etc.), 
as well as more complex multi-DOF linkages (e.g., a spherical 
five- or six-bar or even a delta robot[45]). Here, a four-sided Sarrus 
linkage allows us to focus on the core contributions of our work: 
1) developing a method for fabricating a large number of moving 
components with minimal manual assembly from a variety of 
manufacturing materials, and 2) characterizing the behavior of 
laminate metamaterials, with comparison to the kinematics of 
the ideal linkage-based system.

To facilitate fabrication using laminate manufacturing, 
the Sarrus linkage design was modified to use flexure hinges 
instead of pin joints. Consequently, we explore whether the 
flexure-based mechanism impacts the metamaterial’s behavior 
and find experimentally that two modes occur in the array: a 
compression mode that is explained by the ideal behavior of 
the Sarrus linkage and a bending mode that is only possible 
when considering additional hinge deformation. Simulations 
are also performed to explore the deformations induced by 
these two modes, taking into consideration off-axis hinge defor-
mations (i.e., shear and torsion). Based on these simulations, 
we focus on empirically characterizing the compression mode 
in greater detail since the bending mode resulted in only local 
deformations. From these studies, we find that hinge geometry 

can be used to alter the effective modulus of the metamaterial, 
while keeping the deformation of the compression mode the  
same. We then build Hookean and viscoelastic models of  
the hinge’s bending behavior, and use these models to predict the 
stress–strain response of the metamaterial along the compres-
sion mode. Our results show that the Hookean model provides 
a good approximation for the stress–strain response of the 
physical metamaterial for this mode. From these simulations 
and experimental studies, we demonstrate that this millimeter-
scale fabrication method can be used to create materials exhib-
iting specific deformation modes and effective moduli. As 
such, these efforts help lay the groundwork for developing a 
wide variety of new reconfigurable metamaterials for applica-
tions such as electromagnetic devices,[46,47] wave guides,[48] or 
deployable structures[49] that exploit the reconfigurability of 
these materials.

2. Results

2.1. Metamaterial Design and Fabrication

To understand the array’s behavior, we begin by introducing the 
ideal kinematics of the reconfigurable metamaterial that is used 

Figure 1. Sarrus linkage array design. A) An ideal four-sided Sarrus linkage. B) A single fabricated Sarrus linkage unit cell. In this context, we define a unit 
cell as a four-sided Sarrus linkage with arm lengths of L1 and L2, which consists of 16 hinges with stiffness k, with each hinge able to rotate by amount 
θ. In our fabrication approach, an extra layer of polyimide remains where the top and bottom laminates connect as a remnant from the spacing layer 
that prevents the arms from sticking together. C) A fabricated 3 × 3 Sarrus linkage array, where a single layer in the array is produced by diagonally con-
necting an arbitrary number of unit cells. We defined Ns,x, Ns,y, Ns,z as the number of unit cells along the width, length, and depth of the array, respectively.
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here as a case study. The design of the array is based on a rela-
tively simple linear mechanism, known as a four-sided Sarrus 
linkage (henceforth Sarrus linkage), shown in Figure 1A. Sarrus 
linkages convert a limited circular motion to a linear motion 
using two parallel horizontal plates connected by hinged rectan-
gular plates (Figure  1A). This mechanism is ideally composed 
of 12 one-DOF hinges (i.e., pin joints, connecting several rigid 
faces), the deformation of which is a consequence of the articu-
lation of the hinges (here we assume that the rigid plates do not 
deform). With this description, the motion of this linkage can 
be fully characterized by a single configuration variable, θ. The 
height h and the width w of the linkage are given by

2 sin( ), 2 cos( )1 1 2h L w L Lθ θ= = +  (1)

in which L1 is the length of the hinged rectangular plate, L2 is 
the length of the square horizontal plate, and 0 ≤ θ ≤ π/2 is 
the range of the single DOF. Aligning several Sarrus linkages 
diagonally in a cubic lattice forms a metamaterial that extends 
each linkage’s behavior while still maintaining a single DOF θ 
(Figure 1). For the physical Sarrus linkage array, we constructed 
unit cells that consist of 16 hinges with individual arm lengths, 
L1, ranging from 1 to 3 mm (Figure 1B). The physical array has 
16 hinges as opposed to the 12 in the ideal linkage since the 
joint that connects the top platform to the bottom platform is 
split into two hinges. This splitting, however, does not affect 
the general behavior of the linkage, and therefore, is not explic-
itly modeled in future sections. This configuration enables the 
linkage to be fabricated using laminate manufacturing, as the 
entire design can fold flat. An array consists of diagonally tiled 
unit cells (Figure 1C), in which two opposite plates change their 
separation distance. Each plate is made from two stiff outer 
layers with a flexible polyimide layer in the middle bonded by 
a thin thermoplastic adhesive sheet.[50] To create hinges, the 
stiff layers are selectively cut prior to bonding to reveal the 
polyimide at the required location. The two plates are then 
bonded together to create the Sarrus linkage (Figure 2A). Note 
that an additional layer of polyimide is added between the top 
and bottom plates. This extra layer acts as a removable spacer 
between the arms of the top and bottom plates to prevent them 
from sticking together and inhibiting deployment. After a final 
release cut, the structure is manually unfolded and the spacers 
are removed. This fabrication method yields a metamaterial 
with multiple hinges and requires minimal manual assembly.

The flexibility of this fabrication approach allows for a 
variety of different array designs, as shown in Figure  2B–G. 
For example, different array sizes can be achieved by varying 
the number of connected unit cells, that is, varying Ns,x or Ns,y,  
(Figure  2B) or the array dimensions (Figure  2C). To create 
multi-layer arrays, that is, Ns,z  > 1, multiple Sarrus arrays can 
be bonded on top of each other (Figure  2D–F). Theoretically, 
any number of arrays could be stacked together. Here, a max-
imum of three layers were used, as the laser micromachining 
system employed in the present study has a limit to the thick-
nesses of the alignment frames it can successfully cut. How-
ever, this limitation can be overcome if each layer is fabricated 
independently and then aligned and bonded to eliminate the 
final release cut step. Different structure designs can also be 
achieved by connecting unit cells of different sizes, or by selec-

tively layering unit cells (Figure  2F). Finally, the materials for 
both the rigid and flexible layers can be varied. In Figure 2G, 
for example, we show that arrays can also be made with steel 
or carbon fiber. The thickness of the rigid or flexible layers can 
also be varied. Here, we used 7.5 mm, 12.5 μm, and 25 mm 
polyimide as the flexible layer.

While laminate manufacturing provides several benefits 
when manufacturing a millimeter-scale metamaterial, it is also 
important to consider the effect of manufacturing limitations 
that cause our physical Sarrus linkage to deviate from its ideal 
design. For example, when using the laminate manufacturing 
process, rigid faces and pin joints are approximated by com-
posite laminates and hinges, respectively.[40] Consequently, it is 
important to verify that the deformation of these structures is 
localized to the hinges, and that the hinges faithfully approxi-
mate single DOF pin joints.

To localize the deformation of our structures to the hinges, we 
ensure that the bending stiffness of the hinges was much lower 
than the bending stiffness of the faces. This can be achieved by 
designing the faces to be much thicker than the hinges (T Tf h� )  
or by choosing the Young’s modulus of the face material to be 
significantly higher than that of the hinge material (E Ef h� ).  
Here we do both. We use 250 to 300 μm thick FR4 sheets 
for the rigid faces and 7.5 to 25 μm thick polymide (Dupont, 
Kapton) for the hinges. We selected FR4 and polymide as they 
are widely available low-cost materials. We also measured the 
face material’s modulus as 21.74 GPa (Note  S1, Supporting 
Information) via a three-point bending test (Figure S1, Sup-
porting Information), and confirmed the reported modulus of 
the hinge material to be 2.71 GPa.[51] It should be noted that 
the face material’s modulus is dominated by that of the rigid 
layer and is within the reported range for FR4.[52] These con-
siderations, namely that 10T Tf h>  and 8E Ef h≈ , in principle 
ensures that the deformation of the structure will be localized 
to the hinges.

Second, we need to ensure that the hinges behave in accord-
ance with the pseudo-rigid body model.[44] Following the guide-
lines for fabricating small-length flexural pivots,[44] we designed 
the faces to be much longer than the hinges: face lengths L1 
and L2 range from 1 to 3 mm, while hinge lengths, Wh , were 
0.2 mm. This design ensures that hinge-bending is well-
approximated by the motion of an-ideal pin-joint (i.e., rota-
tion about a fixed axis). Moreover, we ensure that the hinges 
are long enough to rotate without the faces colliding, which 
depends on the thickness of the laminate, Tf . Here we size 

the hinges to support a rotation of maxθ = 75°, that is W
T

h
f2

maxθ≥ ,  

which provides a good compromise between maximizing the 
travel and maintaining the small-length flexural pivot assump-
tion. However, it is difficult to eliminate DOFs introduced by 
off-axis deformations of the hinges (i.e., torsion and shear). 
To fully understand the impact of these additional DOFs, we 
fabricated a linkage array consisting of 5 × 5 × 3 unit cells, as 
shown in Figure  3A. Consistent with the ideal behavior, this 
metamaterial can be deformed along the predicted mode in 
which all the hinges deform equally (Figure 3B). However, we 
also observe an additional deformation mode, a bending mode 
(Video S1, Supporting Information), that is not consistent with 
the assumption that all hinges are one DOF (Figure 3C).

Adv. Funct. Mater. 2021, 2103428
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2.2. Numerical Model of Folding Behavior

To understand these deformation modes in more detail, we 
implement a numerical model. Since the stiffness of the hinge 
is much smaller than the bending stiffness of the laminate, we 
can model the Sarrus linkage array as an origami-like struc-
ture.[53] This origami structure is approximated by zero thick-
ness faces (laminates) connected through hinges (polyamide) as 
seen in Figure 3D. While the hinges can fold and are modeled 
as torsional springs, we use a zero stiffness hinge in the model 
to easily determine if a folding mode is purely rigid or requires 
deformation of the faces. The hinges can also have additional 

deformations, such as shearing or twisting as they are actually 
small-length flexural pivots. We account for these deformations 
by incorporating them as deformation of the faces. For this 
approach, the faces are allowed to stretch but not bend,[53] and 
their stiffness is approximated by linear springs located at the 
edges and diagonals (Figure  3D). The addition of these DOFs 
makes the motion of each unit cell partially independent from 
that of its neighbors. Note that this elastic model was chosen 
due to its computational convenience and despite the fact that 
it does not accurately represent real deformation, it qualitatively 
describes the real behavior of the structure using the condition 
of small face deformations.

Figure 2. Metamaterial array manufacturing. A) Arrays are manufactured using laminate fabrication techniques. Individual layers are first laser-cut, then 
stacked and aligned with heat and pressure applied. Once cured, the entire laminate is laser-cut again to release the structure. Either single-layer or 
multi-layer arrays can be fabricated. For a multi-layered array, single-layer arrays are first fabricated with a remaining alignment frame, and then stacked 
and aligned. Once cured, the laminate is cut again with a final release cut. B) Single layer arrays with a single unit cell, an array with Ns,x = Ns,y = 3,  
and an array with Ns,x = Ns,y = 8 unit cells. C) Varying array dimensions using the same number of unit cells and altering the unit cell dimensions.  
D) Demonstration of how arrays can be layered. Arrays with Ns,z=1 layer, Ns,z=2 layers, and Ns,z=3 layers are shown. E) An example of different shaped 
structures that both have ≈1000 hinges. F) Examples of different structural geometries that can be created using the base unit cell and variations of 
the base unit cell. G) Demonstration of array fabrication with FR4, steel, and CF stiff layers.

Adv. Funct. Mater. 2021, 2103428
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To obtain the deformation of the structure, we use an opti-
mization analysis based on its elastic energy.[53] We deform 
the structure by applying a local actuation to a selection of the 
hinges. This actuation corresponded to folding these hinges to 
specific angles as if experimentally performing a rotation con-
trolled test, and is modeled as an additional rotational spring 
at these hinges. These additional springs form an energy pen-
alty that is added to the elastic energy of the structure to obtain 
a total energy. By minimizing the total energy, we ensure that 
the structure deformed according to the applied local actuation. 
Since the stretching of the faces, corresponding to the shearing 
or twisting of the hinges, has a much higher stiffness than the 
bending of the hinges, which is zero in our model, the min-
imum energy configuration minimizes face deformation for 
the angles specified by the local actuation, mimicking the defor-
mations in the experiments.

Following this approach, we are able to find the same two 
modes that are observed experimentally (Video S2, Sup-
porting Information). To reproduce both deformation modes 
(Figure 3B,C) we actuate all of the hinges on the top and bottom 
layer, tθ  and bθ , respectively (Figure 3D). These angles represent 

the DOFs for each unit cell and thus can vary from 0 to π/2. 
We obtain the normalized elastic energy for a structure with  
Ns,x = Ns,y = Ns,z = 2 (Figure 3E) in this angle range. As expected, 
the energy along the compression mode ( t bθ θ= ) does not 
increase and remains at zero. This observation implies that all 
of the deformation is localized to the hinges and no stretching 
of the faces occurs. In other words, the compression mode is 
rigidly foldable. In contrast, the bending mode ( /2t bθ θ π+ = ) 
requires an increase in energy that originates from stretching 
the faces of the structure, such that this mode is not rigidly 
foldable. It is important to note that for the physical prototype, 
this bending mode is likely the result of additional deforma-
tions of the hinges, for example, shearing or twisting, as we 
verified that it is unlikely for the laminates to stretch.

To explore this behavior, we vary both the number of layers, 
Ns,x and Ns,y, and the number of unit cells in each layer, Ns,z. 
For each mode, we apply an actuation to deform the structure 
to the maximum attainable angle, that is, ( , ) ( /2, /2)t bθ θ π π=  for 
the compression mode, and ( , ) ( / 2,0)t bθ θ π=  for the bending 
mode. We then obtain the normalized elastic energy for these 
deformations. The compression mode does not show any 

Figure 3. Analysis of the Sarrus linkage-based metamaterial. A) A fabricated array with Ns,x = 5, Ns,y = 5, and Ns,z = 3. Deformation of this array along 
the B) compression and C) bending modes. D) A model of the same metamaterial with Ns,x = 2, Ns,y = 2, and Ns,z = 2. We show the angles that are actu-
ated in the simulation, tθ  and bθ , in order to model the movement of the two modes. E) The elastic energy of this array when assigning specific angles 
to tθ  and bθ . F) The energy and G) the curvature of the structure at the extremes of the bending modes for arrays with varying unit cells and layers.
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increase in energy for greater Ns,x, Ns,y or Ns,z, implying that 
this mode exists independently from the number of unit cells 
in the structure. By assuming a stiffness for the hinges that is 
nonzero, the average deformation energy per unit cell remains 
equal, since along the compression mode, there is no face 
deformation, only hinge folding. This result implies that the 
local actuation triggers a global deformation where all angles of 
the hinges in the structure depend on only one DOF, following 
the ideal behavior.

In contrast, we see a decrease of the average energy when 
increasing the number of layers, Ns,z (Figure 3F). The applied 
actuation lies only at the top and bottom layers, so by increasing 
Ns,z, we do not increase the actuation, but instead increase the 
number of unit cells in the array. This increase of unit cells, 
together with constant actuation, leads to a decrease in the 
average energy, demonstrating that the deformation is not 
global, as with the compression mode, but instead takes place 
primarily at the top and bottom layer.

Furthermore, we calculate the curvature of the mate-
rial to understand the scaling of the deformation due to 
the bending mode. The curvature allows us to estimate the 
general deformation of the structure, which is calculated 
by fitting the top and bottom faces of the structure to a 
sphere. We then average the radii of these two spheres (r), 
and obtain the Gaussian curvature (K  = 1/r2) of the struc-
ture as a whole. Figure  3G shows this curvature as a func-
tion of Ns,z. We observe that the curvature decreases with Ns,z 

tending to zero for all arrays irrespective of Ns,x, Ns,y. This 
result implies that in the limit of infinitely large arrays (i.e., 
Ns,x, Ns,y and Ns,z tends to infinity), the structure remains flat. 
Note that in this limit, the top and bottom layers still deform, 
but do not trigger a global deformation as compared to the 
compression mode.

From these analyses, we observe that the compression mode 
is scale-independent and can be studied by only analyzing the 
bending of the hinges. On the contrary, the bending mode is 
dependent on off-axis (e.g., shear or twist, deformation of the 
hinges), and as such, deforms the structure only locally.

2.3. Empirical Characterization of the Compression Mode

Based on the analysis above, we focus on physically character-
izing the scale-independent compression mode. To understand 
the behavior of the metamaterial along the compression mode, 
failure and cyclic tests were performed on arrays with Ns,x = Ns,y = 3  
and varying Ns,z from one to three. The results of these experi-
ments are shown in Figure 4, where we plot force versus dis-
placement instead of stress versus strain since the maximum 
number of units cells is small (<30).

For the failure tests, the arrays were placed unconstrained 
between the two low-friction plates and compressed from the 
side until failure (i.e., delamination or tearing of hinges), which 
occurred at the maximum compression shown for each array 

Figure 4. Metamaterial array characterization. A) Failure testing under compression from the side. The array is placed unconstrained between two low-
friction compressive plates, and fails due to delamination or tearing of the hinges, which occurs at the maximum compression shown for each array.  
B) Elastic cyclic testing for single, double, and triple layer Sarrus arrays with no cutouts (Lc = 0). C) Elastic cyclic testing for double and triple layer 
Sarrus arrays with 0.5 2L Lc =  and 0.66 2L Lc = , respectively. Shaded regions in (B,C) correspond to ± one standard deviation (n = 4 cycles).
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(Figure  4A). We also find three different stiffness regimes: a 
low-strain region (compression less than 8 mm) where the stiff-
ness (i.e., slope) of all tested arrays remains relatively constant, 
an intermediate-strain region (compression between 8 and 
11 mm) where the stiffness increases moderately, and a high-
strain region (compression greater than 11 mm) where the stiff-
ness increases significantly. We propose that this behavior in 
the low-strain region is determined by on-axis hinge bending, 
whereas the high-strain region response is determined by col-
lisions between the rigid faces. This hypothesis is supported 
by the fact that a compression of 11 mm approximately corre-
sponds to the maximum deflection the hinges can experience: 

W

T
max

f

�2
75hθ = =  before the rigid faces collide. The stiffness 

increase in the intermediate-strain region is likely due to man-
ufacturing imperfections that cause collisions between some 
faces before maxθ  is reached, differences in the loading condi-
tions for hinges on the edge of the array, or a combination of 
the two.

For the cyclic tests, arrays were also placed in the testing 
device so that they were loaded from the side, moving along 
the compression mode. The arrays were again placed uncon-
strained between the two low-friction compressive plates. 
As shown in Figure  4B, the structure exhibited viscoelastic 
behavior, namely strain softening, stress relaxation, and hys-
teresis, which could likely be due to plastic deformation of 
the hinges. Moreover, the stiffness increased approximately 
linearly with the number of layers. We also found that, as 
expected, the effective modulus of the structure was approx-
imately equal for all three arrays (Figure  S4B and Note  S2, 
Supporting Information). Note that variations in effective 
modulus were due to small variations in the initial (i.e., equi-

librium), configuration of the array as the modulus was a 
function of the array’s initial configuration.

We also introduced hinge cutouts (see Figure 5A for details) as 
a method for altering the stiffness of the hinges without changing 
their length, Wh, width, L2, or thickness, Th. As shown in 
Figure 5A, a cutout was a centered rectangular hole of length Wh 
and width Lc < L2 removed from the hinge to reduce its bending 
stiffness. Adding cutouts can also be used to reduce the modulus 
of the array (Figure S4B, Supporting Information). Moreover, we 
show that it is possible to design a two layer or three layer Sarrus 
array with the same stiffness as a single-layer array when appro-
priately sized cutouts are used in the hinge design (Figure  4C). 
Here, we use Lc  = 0.5L2 for the two-layer array and 0.66 2L Lc =  
for the three-layer array. Consequently, cutouts in the hinges pro-
vide a design tool for controlling the modulus of the metamaterial 
without changing hinge, and therefore, metamaterial geometry.

2.4. Analytical Model of the Hinges

To develop a deeper understanding of the compression mode, 
we focus on characterizing the hinge bending. We build an 
empirically-verified analytical description of the hinges that 
allows us to control the stiffness, k, of the hinge by modifying 
its geometric parameters. This model is then used to verify the 
behavior observed along the compression mode. Our hinges 
have a rectangular geometry defined by four parameters: the 
hinge width 2L , the cutout width Lc, the hinge length Wh, and 
the hinge thickness Th (Figure  5A). In order to behave as a 
small-length flexural pivot, we impose the constraint that the 
hinge width is much greater than its length, which is much 
greater than its thickness, that is 2L W Th h� � .

Figure 5. Experimental hinge characterization. A) A schematic of the top and side view of a hinge with the four design parameters labeled. B) The 
effect of varying cutout width, Lc, on hinge stiffness for 25 μm (top) and 12.5 μm (bottom) thick hinges. The shaded regions represent ± one standard 
deviation (n = 5 trials). See Figure S2, Supporting Information for the effect of varying hinge length, Wh, and hinge width, 2L , on stiffness. C) Hookean 
and Zener best-fit models plotted alongside normalized stress–strain curves for all tested hinges (24 hinges, five trials each). Note that we plot the 
product of the strain and Wh on the x-axis to normalize the strain experienced by hinges of different lengths, Wh.
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We tested a total of 24 hinges with different lengths, widths, 
cutout widths, and thicknesses to understand the effect of 
varying the geometric parameters described above. Represent-
ative results from these tests are shown in Figure  5B, where 
we plot the measured bending moment versus hinge rota-
tion for hinges with three cutout widths ( 0,0.3 ,0.62 2L L Lc = ),  
each with two thicknesses (Th 25 and 12.5 m= µ ). The 
average slope of the curves represents the bending stiffness. 
As expected, we saw that bending stiffness decreased with 
increasing cutout width, Lc and increased with increasing hinge 
thickness, Th (Figure  5B). The effect of hinge length, Wh , and 
width, 2L , are shown in Figure S2, Supporting Information, and 
as expected, we found that bending stiffness decreased with 
increasing hinge length and increased with increasing hinge 
width. Again, as expected, the hinge bending stiffness was 
more sensitive to changes in thickness than in length, width, 
or cutout width, thus providing guidelines for tuning this stiff-
ness. Finally, we note that these hinges can experience con-
siderable loading cycles before failure. Figure  S3, Supporting 
Information, shows that the behavior of our hinges does not 
change across 20 loading cycles. Moreover, Malka et al.[54] tested 
the fatigue behavior of polyimide hinges (Dupont, Kapton) with 
similar geometries and found that failure occurs between 104 to 
106 cycles.

To analytically understand this behavior, we modeled the 
hinge response as a cantilevered beam using the Euler–
Bernoulli expression, which related the bending moment, M, 
experienced by the hinge to its rotation, θ, by a constant stiff-
ness k:

, with
12

3

M k k
E L T

W
h eff h

h

θ= =  (2)

Here Eh is the elastic modulus of the hinge material (poly-
imide), and 2L L Leff c= −  is the effective width of the hinge. 
Combining this with a Hookean model that relies on a linear 
elastic relationship between the bending stress, σb, and strain, 
ε, at the surface of the hinge material, we obtain the relation[55]

, with
6

and
22

E
M

L T

T

W
b h b

eff h

h

h

σ ε σ ε θ= = =  (3)

However, we experimentally observe that the hinges exhibit 
viscoelastic behavior, which likely causes the viscoelasticity 
observed in the structure. This behavior is to be expected, as 
local strain in the hinges reached up to 5% during testing, 
beyond the yield strain of 3%.[51] Consequently, we replace the 
Hookean linear-elastic relationship between bending stress 
and strain with the viscoelastic Zener or standard linear solid 
model. The constituent law for this model is given by the fol-
lowing differential equation,

E
E

E E

Eh

h
h h

h

� �( )
b 2 b

1
1 2

2
σ η σ ε η ε+ = +

+
 (4)

Here η, 1Eh, and 2Eh are defined in the inset of Figure 5C and the 
dot superscript represents differentiation with respect to time.

We estimate the parameters of the Zener model using a 
linear regression where ε and σb were computed from the raw 

moment/rotation data using Equation (3). The time derivatives 
of ε and σb are computed by taking the finite difference of ε 
and σb after filtering with an acausal moving average filter. The 
estimated values of η, 1Eh, and 2Eh  are 80.2 GPa s, 2.71 GPa, and 
160.30 GPa, respectively. We also estimate the parameters for 
the linear-elastic model defined in Equation (2). As expected, 
Eh is also equal to 2.71 GPa. This value and the equilibrium 
stiffness of the Zener model, 1Eh, agrees well with the datasheet 
value for the elastic modulus of the polyimide (2.71 GPa,[51]). 
However, by comparing both models against the empirical data 
in Figure 5C, we see that the Zener model (dashed) is able to 
capture the viscoelastic behavior of the polyimide while the 
linear elastic model (solid) does not. Consequently, the coeffi-
cient of determination R2 for the Zener model (0.93) was higher 
than that of the linear-elastic model (0.80). This result demon-
strates that the hinge is viscoelastic, entailing the dissipation 
of energy and plastic deformation. Nevertheless, the Hookean 
model still captures the basic behavior, and due to its linearity, 
we use this result to develop a static model of the array along 
the compression mode.

2.5. Analytical Model of the Compression Mode

In the numerical model, the compression mode is a rigid 
folding mode where all deformation is localized to the hinges 
and the faces remain rigid. Consequently, we can use the hinge 
model developed in the previous section to predict the force 
required to compress the metamaterial along the compression 
axis as shown in Figure 4A. The potential energy of the array is

1

2
( )

1

0
2V k

i

N

i i

f

∑ θ θ= −
=

 (5)

where Nf  = 16Ns,zNs,xNs,y is the total number of hinges in the 
array, ki is the Hookean stiffness of the i-th hinge (Equation (2)),  
θi is the angular deflection of the i-th hinge, and θ0  = 32° is 
the average initial plastic deformation of the hinge. Moreover,  
Ns,xNs,y, Ns,z are the number of unit cells in x, y, and z-directions,  
respectively, as defined in Figure 1C. We then differentiate this 
expression to compute the force required to compress the array 

as F
V

x
x = − ∂

∂
. Assuming all hinges deflect equally, we can use 

the geometry of the array to solve for θi in terms of the array’s 
displacement along the compression axis x:

x

N L

N L

N L
i

s x

s x

s x

cos
2

( 1)1

, 1

, 2

, 1

θ = −
+







−  (6)

where L1 and L2 are geometric parameters defined in Figure 1. 
Further details on the derivation of Equation (6) are provided in 
Note S2, Supporting Information. We then obtain the following 
force–displacement relation after substituting Equation (6) into 
Equation (5) and compute the derivative:

∑ θ θ θ= − − ∂
∂=

F k
x

x

i

N

i i
i

f

( )
1

0  (7)
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where

1

2
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As seen in Figure  6A,B, this description approximately 
matches the experimental results for small displacements  
(⩽0.5 mm). The discrepancy between these two curves is likely 
due to a violation of the assumption of equal hinge deflections, 
especially near the array boundaries, during the experiments. 
We also see in Figure  S4C, Supporting Information that this 
model captures the change in modulus caused by introducing 
cutouts. However, this approximation does not capture strain 
softening and hysteresis that occurs at large strains. Conse-
quently, this model can be used to approximately calculate the 
stiffness of these arrays along the compression mode, and as 
a qualitative design tool for modulating array stiffness (e.g., 
increasing cutout width to reduce stiffness).

Moreover, we show that this analytical model can also be 
used to calculate other properties of interest, focusing on 
volumetric change, which could be a quantity of interest for 
potential acoustic applications. In supplementary Note S3, Sup-
porting Information, we define and compute volumetric change 
using both the analytic and numerical models. The results of 
this analysis are shown in Figure S5, Supporting Information. 
We find that both models agree, and that while volumetric 
change has a slight dependence on array size, this dependence 
disappears as the array size increases.

3. Conclusion

In this paper, we used laminate manufacturing to fabricate a 
flat-foldable millimeter-scale metamaterial, bridging the gap 
between macro- and micro-scale geometries. The key advan-
tages of this design and fabrication process are its ability to 
utilize a wide range of manufacturing materials, as well as ena-
bling the design of complex, that is, ⩾ 1000 hinges, arrays with 
minimal manual assembly. We demonstrated the utility of this 

approach by fabricating a metamaterial based on a four-sided 
Sarrus linkage and then explored the behavior of the resulting 
array. Contrary to the behavior predicted by the kinematic 
model, we experimentally found two deformation modes: com-
pression and bending. We then built a numerical model to 
show that the bending mode depended on off-axis deformation 
of the hinges and it became a local mode as the metamaterial 
increases in size. Consequently, we focused on quantitatively 
characterizing the compression mode, which depends on 
the bending of the hinges, and its behavior can be controlled 
through hinge design. To better understand this mode, we built 
two models of hinge bending that predicted Hookean and vis-
coelastic modulus as a function of geometry. We found that the 
Hookean model was a good approximation for small deforma-
tions, and could be used to predict the modulus of the metama-
terial along the compression mode. Overall, we demonstrated 
the advantages of using laminate manufacturing for metama-
terial fabrication and developed several models to help design 
linkage arrays and predict their behavior.

While a four-sided Sarrus linkage was chosen due to its 
simplicity and scalability, our fabrication method allows for 
more complicated structures that can be described using rigid 
faces and bendable hinges. For example, alternate unit cells 
can also be used. Figure 7 shows a simple extension that uses 
three-sided and six-sided Sarrus linkages. These alternative 

Figure 6. Analytical model of the compression mode. A) Small deformations for elastic cyclic testing for single, double, and triple layer Sarrus arrays 
with Lc = 0. B) Small deformation with elastic cyclic testing for double and triple layer Sarrus arrays with Lc = 0.5L2 and Lc = 0.66L2, respectively. Shaded 
regions correspond to ± one standard deviation (n = 4 cycles), and the model-predicted force Equation (7) is shown in black for both (A,B).

Figure 7. Alternative Sarrus linkage array geometries. Examples of alter-
native array geometries include using three-sided or six-sided Sarrus link-
ages. Despite the altered geometry, the structures still display the same 
bending modes as the four-sided Sarrus linkage array.
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geometries still exhibit the same bending modes as the four-
sided linkage array, as the base mechanism exhibits the same 
deformations. While it is also possible to use heterogeneous 
unit cells in the same array, it is important to carefully analyze 
how the off-axis deformation of the hinges propagates through 
the structure.

Moreover, by altering the unit cell size, we can produce meta-
materials that bridge the gap between the macro- and micro-
scale for a variety of applications. On the one hand, arrays with 
larger unit cells can be fabricated using subtractive manufac-
turing methods with a larger workspace (e.g., a carbon dioxide 
laser, water jet, electrical discharge machining) and with a 
choice of materials and laminate geometries that satisfy the 
pseudo-rigid body assumptions.[44] On the other hand, the min-
imum size of the unit cell is determined by the resolution of 
the technique used for bullk micromachining. However, there 
are two other practical limitations. First, the availability of raw 
materials sets a lower bound on unit cell size. Based on How-
ell’s design guidelines,[44] the hinge width must be ≈100 × its 
thickness. Additionally, the laminate material must either have 
a higher modulus or its thickness and length must be ≈10 × 
the hinge thickness and length, respectively. Second, the fab-
rication process still requires some manual assembly, which 
could be automated using the methods described by Sreetharan 
et al.[39] With the current setup, however, we found that further 
downscaling of the samples does not seem feasible, but by 
addressing these two limitations, we could potentially further 
reduce the size of the unit cell.

Finally, we anticipate that this fabrication method could 
enable the development of reconfigurable metamaterials with 
broad applications. The structure’s reconfigurability from a flat 
configuration can be used, for example, in the design of deploy-
able structures for medical applications such as stent grafts.[22] 
This reconfigurability could also enable programmable, multi-
functional electromagnetic responses in multilayer structures, 
improving previous work on single-layer structures.[47] These 
applications thus demonstrate the potential versatility of this 
new class of metamaterials and the ability to actively tune 
their functionalities.

4. Experimental Section
Fabrication of Sarrus Linkage Arrays: The Sarrus linkage arrays were 

fabricated using laminate manufacturing processes. For a single 
array, fabrication occurs in four steps: 1) Stiff, flexible, and adhesive 
layers were individually cut using a laser micromachining system 
(Oxford Lasers) according to design cut files. Sheets of 125 μm  
FR4 (McMaster-Carr), carbon fiber (Q1-112, Tohotenax), and 50 μm  
stainless steel shim coil (Maudlin Products) were used for stiff 
layers. Polyimide films (Kapton, DuPont) of thickness 7.5, 12.5, and  
25 μm were used for the flexible layers and heat and pressure 
activated sheet adhesive (Pyralux FR1500, DuPont) was used for the 
adhesive layer.

2) Stiff and flexible layers were cleaned with isopropyl alcohol. 
Carbon fiber and stainless steel substrates were also plasma etched 
(Diener) for enhanced bonding.

3) Layers were laterally aligned for lamination using precision dowel 
pins and cured together at a temperature of 200° and a pressure of  25 psi  
for approximately 2.5 h.

4) The resulting laminate was micromachined again to release the 
array from the surrounding bulk material. To fabricate multilayered 

arrays, an additional cure cycle and release cut was added to bond arrays 
to each other.

Single Hinge Testing: A total of 24 different hinges in 1D studies were 
tested for hinges of three different widths (L2 = 120, 240, and 360 μm), 
three different lengths (Wh = 1, 2, and 3 mm), three different cutout 
widths (Lc = 0, 0.33L2, and 0.66L2), and two different thicknesses (Th =12.5  
and 25 μm).

The bending stiffness of each hinge was measured five times using 
a custom test setup (Figure 8). The hinge was fastened to a rotational 
stage (Newport URB100cc) whose center of rotation was visually aligned 
with the approximate center of rotation of the hinge. Before each trial, 
a single-axis force sensor (Futkek LSB 200) was raised using a micro-
positioning stage until it was just under the hinge (Figure  8A). The 
rotational stage was then driven using a trapezoidal profile with a 
ramp velocity of approximately 20° s−1 and the vertical force F exerted 
by the hinge on the force sensor was recorded at ≈75 Hz. Note that 
slip between the tip of the hinge and the force sensor was minimized 
by aligning the rotational centers of the hinge and the stage. Finally the 
force recorded by the sensor was converted into a bending moment 
experienced by hinge by multiplying by the effecting moment arm L.

Metamaterial Testing: Single, double, and triple layer Sarrus arrays 
fabricated with 125 μm FR4 and 12.5 μm polyimide were tested using 
a 2 kN load cell on a universal materials testing device (Instron 5544A, 
Illinois Tool Works, Norwood, MA). Arrays were cyclically compressed 
3 mm at a rate of 5 mm min−1 for four cycles to capture the elastic 
deformation of the arrays, which was approximately equal to bending 
each hinge at a rate of 1° s−1 if all hinges were assumed to bend equally. 
It should be noted that this approach was different from the single 
hinge testing rate, and might lead to different amounts of hysteresis. 
The arrays were also compressed until failure in the xy plane and xz 
plane and compressed in their flattened state to demonstrate the 
compressibility of the laminates. Force and displacement measurements 
were recorded simultaneously.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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