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1. Introduction

Architected materials have facilitated a significant breakthrough
in the control of the mechanical behavior of structures. Most
notably, metamaterials with unprecedented properties can be

easily designed in large scales, exhibiting
high strength,[1] tunability of their proper-
ties,[2] resilience or versatility to large
deformations,[3,4] and auxetic behavior.[5]

In addition, 4D printed structures can mod-
ify their shape depending on the working
environment.[6] Due to their chemical com-
position, these structures can modify their
mechanical and electrochemical properties
based on external stimuli.[7] This mecha-
nism has substantial implications on the
mechanical response of the material,
furnishing stiffening of the structure or
malleability on demand. Furthermore,
designing structures that are also adaptive
to actuation has given rise to the design
of flexible 3D-printed mechanisms.[8]

Flexible structures can be utilized for engi-
neering applications requiring large but
recoverable deformations, continuous
motion, and high precision. A characteristic
category of structures encompassing these
properties are soft robotics. Soft robotic
mechanisms are composed of rubber
materials that can be electrically actuated
to sustain nonlinear deformations.[9,10]

Combining these designs with much stronger fiber components
leads to the design of artificial muscles,[11] imitating animal
motion[12] and having a significantly higher strength than simple
soft robot systems.[13–15] Nevertheless, metamaterials also exhibit
remarkable properties that are not observed in conventional
systems. A characteristic example is the transport of mechanical
signals with the proclivity to a specific direction. This has been
accomplished through the design of nonreciprocal mechanical
metamaterials.[16] In regular materials, the transmission of any
physical quantity, such as mechanical signals or mechanical
waves, is identical, regardless of geometrical or material asymme-
tries and defects between any two points in space. However,
nonreciprocal metamaterials can alter this behavior, giving
directionality to the transport of these mechanical quantities.
This is the paragon of the next-generation mechanical signal
transport,[17] isolation,[18] and energy storage.[19] In addition,
the combination of the architected design with the macroscopic
dynamic loading conditions can provide the formation of distinct
elastic vector solitons.[20] These coupled waves can have signifi-
cantly different formations depending on the direction of the
wave, controlling not only the direction of the signal, but also
its shape. The inexorable advances in 3D printing
technology have enabled the fabrication of these structures.
Techniques such as fused deposition modeling (FDM),[21]
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The design of smart flexible structures, such as controlled waveguides or soft
robotics, has been accentuated, because they can accomplish energy harvesting,
precise motion, and high rigidity. Advanced 3D printing techniques are used
to improve these designs through the fabrication of complex 3D architected
structures encompassing nonlinear elastic behavior. Nevertheless, the materials
used for the fabrication process are also highly viscoelastic, obstructing high
deformations or the transport of mechanical signals due to high energy dissi-
pation. Herein, how the resonance of 3D-printed structures that require large
actuations can be tailored through inherent and extrinsic instabilities is dem-
onstrated. The 3D complex structures are designed such that buckling is evinced,
ushering large deformations. In addition, prebuckling of the undeformed samples
substantially diminishes the effective viscosity of the structure. Performing
vibrational response simulations on both the undeformed and the prebuckled
designs and high-speed imaging on fabricated samples, it is observed that the
resonant frequency amplitude is enhanced, more resonant frequencies are
reinvigorated, and deformation transcends through the whole structure. The
results promulgate the utility of the architected design, combined with controlled
instabilities, in the modeling of complex smart structures facilitating large
deformations, low energy dissipation, and controlled stiffness.
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polyjet,[22] selective laser sintering (SLS),[23] and stereolithography
(SLA)[24] can realize the inherent challenge to create these struc-
tures with high resolution. Even though there has been tremen-
dous progress to expediate these fields, there are still elusive
design challenges originating from the used materials. Most
notably, rubber materials used in these additive manufacturing
techniques exhibit high viscoelastic effects. The repercussions
are high energy dissipation, hampering the mechanical deforma-
tion propagation along the structure. To accommodate this,
high-power actuation systems must be used to outbalance the
mechanical losses, increasing the cost and complexity of the
design for dynamic control,[14] or conduct benchmark tests on
small-scale structures. Another method is to tailor the geometry
of the structure to create multiple equilibrium positions that the
material can store and release energy. This mechanism is based
on bistability and controlled snap through buckling on the struc-
ture.[25] Buckling is a state of instability in the material leading to
large deformations. Nevertheless, it can be an imperative mecha-
nism to design metamaterial structures, as it determines the
effective properties of the medium, such as auxetic behavior[26]

or high energy absorption.[19] For hyperelastic materials, this
deformation is reversible and therefore efficient for soft robotic
applications and 4D printed materials that function in this
deformation regime.[6] Nevertheless, buckling is not sufficient
to mitigate the effective viscosity of the material.[27] Bistability
can provide deformation propagation, effectively vanishing the
viscoelastic effects.[28] The physical principle is associated with
the local maxima and minima of the potential energy. Even
though this mechanical principle is highly efficient to supersede
the limitations of the viscoelastic material, it has been studied
for 2D structures,[29] whereas the design of 3D structures is still
tenuous. Furthermore, even though all of these effects have
been studied under the scope of wave mechanics, their dynamic
and vibrational response that has been reported is incipient, espe-
cially for 3D structures. The dynamic response of the system is
imperative to determine its efficient control scheme, such as
proportional integral derivative (PID) control, and characteristic
behavior.[30] In this study, we demonstrate an alternative approach
to this design challenge. We design novel 3D metamaterial struc-
tures possessing large deformations, hyperelastic behavior, and
mitigated viscosity at vibrations of different frequencies. These
structures incur innate and extrinsic instabilities that cause buck-
ling. These effects combined can enhance the malleability and
enable the actuation propagation through the whole structure, cir-
cumventing the dependence onmultiple equilibrium positions. It
is also observed that there are significant changes in the creep
compliance of the structure and subsequently, to its relaxation
modulus. The consequence is a substantial effect on the dissipa-
tion losses and the stiffness of the material. To instantiate this
principle, a 3Dmetamaterial unit cell is architected such that buck-
ling commences at the early stages of deformation, facilitating
large deflections. The mechanical response is examined using
nonlinear finite element analysis (FEA). In addition, by prebuck-
ling the undeformed structures, we elicit how the viscoelastic
effects diminish, leading to the actuation of the whole assembly.
Prebuckling makes the whole system highly nonlinear, and it
greatly enhances the deformation in the resonant frequency.[31]

By studying the dynamic response of the structure through experi-
ments and simulations, we reveal intriguing effects regarding the

augmented amplitude of the structure at the resonant frequency
and activation of more resonant frequencies. In addition, it is
investigated how these effects are evinced for different spatial con-
figurations of unit cells. Our findings establish how controlled
instabilities bequeathed by design and boundary conditions can
surmount the limitations that materials used in 3D printing bear.
In addition, soft robotic systems are primarily designed from the
perspective of the innate properties of the material, e.g., electrical
or chemical actuation. Therefore, from the scope of structural
design, 2D structures[14,19] have been thoroughly utilized, because
their analysis is easier, whereas the analysis of perplexed 3D
designs has been fairly limited.[2,4,8,9] Therefore, we aim to present
how 3D printing can be utilized to its full potential, designing
complex 3D structures with tailored dynamic properties.
Furthermore, 3D design can be used for the control of mechanical
signals inmultiple directions and for the design of flexible systems
with anisotropic 3D mechanical properties, depending on loading
conditions and the desired direction of the output.[20] The model-
ing of the dynamic behavior will also pave the way to efficiently
design control systems that will be utilized for the closed-loop
control of soft robotic systems. This will mitigate the error to move
the system to the desired position or apply the correct amount of
force, which demands an in-depth analysis of the dynamic prop-
erties of the controlled system.

2. Design of Architected Structures

The candidate-designed unit cells are shown in Figure 1A.
As the objective is to create a 3D structure, the unit cells are
designed such that they have hexagonal symmetry, enabling
the 3D spatial configuration of the beam members and the
3D assembly of neighboring unit cells. The beam members
are connected on two hexagonal bases at the top and bottom
of the unit cell. In addition, the hexagonal base provides easy
connectivity with all the unit cells aligned in one orientation.
Because each unit cell can be connected with six neighboring
ones, the structure can be resilient to out-of-plane buckling.
However, as it will be shown later, this is also affected by
the number of beam members in the structure. There are
two main categories of beam members in the unit cells. The
first are the ones connecting the upper and lower base and lies
on the faces of the unit cell. The second ones connect the center
of each base with the vertices of the other. The number of mem-
bers of the second category diversifies the two unit cells. For the
first unit cell (UC1), only one base is connected to the vertices of
the other, rendering it nonsymmetric in the lateral direction,
whereas both bases are connected to the vertices of the other
in the second unit cell (UC2). This asymmetry in the loading
direction is critical for out-of-plane buckling to commence,
as demonstrated in Section 3. To facilitate large deformations
for actuation, buckling must commence at early stages of
the deformation. 3D structures can have multiple different
buckling responses, varying from sliding of the unit cells with
respect to the others (out of plane buckling), to internal buck-
ling and propagation of the deformation through subsequent
layers.[32] Although cubic structures can be considered 3D, they
are symmetric with respect to a specific plane, rendering their
analysis 2D. These structures have very specific buckling modes
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that depend on the macroscopic loading conditions.[33] For 3D
structures, the buckling modes are associated with the dimen-
sions of the geometry, providing multiple design choices for the
same structures depending on the design constraints. In our
previous work, we instantiated these principles utilizing unit
cells designed with curved beams instead of straight.[32] This
effect can lead to postcontact and it will stiffen the unit cell.
Postcontact is imperative to make the stiffness of the structure
positive after buckling commences, which leads to negative
stiffness. This design paradigm will imitate a snap-through
mechanism that can lead to a local equilibrium of the potential
energy in static loading. Nevertheless, this design will be egre-
gious for our current objective, as it will prohibit larger defor-
mations due to densification of the unit cell. Establishing large
deformations as the inherent characteristic of the structure is
the main goal of this study. Therefore, stiffening due to post-
contact is diminished using straight beam members instead
of curved ones. As shown later, the effect of stiffening can
be manifested in viscoelastic materials through frequency con-
trol, which is based on material property instead of a designing
tactic.[27] Furthermore, functional architected materials have to
be used in periodic 3D arrays in the structure. Because the
unit cells are 3D, they can be assembled either by connecting
the edges of each base (Assembly 1) or by intertwining them,
connecting the central plates of the bases (Assembly 2).[34]

Both assemblies are shown Figure 1B. To validate their dynamic
behavior, each geometry was fabricated by 3D printing. The
material of the base is selected to be stiffer than that of the
beams to forestall excessive deformation of the base, because
this mechanism will obstruct the buckling of the beams. The
reason is that if the base has the same stiffness as the material,
they cannot be considered fixed supports but torsional and
bending springs. Then, the structure will have the predilection
to bending and shear deformation, purloining a portion of the
strain energy that accounts to compression. Compression is the
only deformation mode that transcends into buckling. Even
though bending and buckling have similar macroscopic fea-
tures, buckling as an instability mechanism can facilitate large
deformations for the whole structure.[33] Further details regard-
ing the 3D printing process are provided in SI1, Supporting
Information. The periodic arrays that utilize Assembly 1
with unit cell 1 (DS2) and unit cell 2 (DS3) and Assembly 2 with
unit cell 1 (DS1) and unit cell 2 (DS4) are shown in Figure 1C.
A characteristic configuration of a fabricated sample on the
vibration apparatus with respect to the imaging system is shown
in Figure 1D. Detailed information regarding the experimental
setup is provided in SI2, Supporting Information.

To validate the intrinsic instability that the structures must
embrace, nonlinear FEA analysis was used to investigate
whether any of the unit cells will reach a cauldron, teetering.

Figure 1. Design and fabrication of the architected structures. A) The two basic unit cells, having nonsymmetry in the lateral direction (unit cell 1) or being
symmetric in the lateral direction as well (unit cell 2). B) Potential assemblies of the unit cells, if there is no intersection of the neighboring unit cells
(Assembly 1) or the proximal unit cells are intertwined (Assembly 2). C) Characteristic 3D-printed samples for each design and each assembly. D) Side
view of the experimental apparatus used for the characterization of the dynamic response as a function of the frequency. A high-speed camera is focused
on specific layers of the structure, enabling the high spatial and temporal resolution of the deformation.
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Details on the modeling and the constitutive equations that
must be solved are provided in SI3, Supporting Information.
Figure 2 shows the simulated behavior for both unit cells.
Figure 2A shows that both unit cells become unstable during
the early stage of the deformation (εtotal¼ 7.7% and 7.2% at
σlateral¼ 2.5 and 3.367MPa for UC1 and UC2, respectively).
UC1 has less members than UC2; therefore, its resilience is
lower, leading to instability at a lower load. The reason is that
the critical buckling load is proportional to � EIeff=Leff , where
E is Young’s modulus, Ieff is the effective bending inertia of the
structure, and Leff is the effective length of the beam based on
its boundary conditions. As both structures have the same
boundary conditions, they have the same effective length.
Nevertheless, the effective inertia depends on the effective
cross-section of all the beams. Therefore, less beam members
will lead to a decrease in Ieff , as validated by the simulation
results. After the buckling event, the slope remains negative,
because the unit cells are designed such that there is no post-
contact of the proximal beams.[32] However, they have two
distinct buckling mechanisms, as shown in Figure 2B,C. UC1,
as it is asymmetric with respect to the loading direction, is sub-
ject to out-of-plane buckling. This leads the top base to “slide”
with respect to the other. This mechanism is not observed in
UC2, where the symmetry enables the unit cell to expand uni-
formly in the radial direction. Furthermore, it must be noted
that the asymmetric loading will lead to higher stress distribu-
tion at some nodes, leading to failure at the resonant frequency
for a small number of cycles. Thus, UC1 is inadequate to pro-
vide a steady propagation of the deformation that is required for
soft robotic applications for instance. As shown later, a periodic
assembly can alleviate this effect, but it will still be observed as it
is inherited by the unit cell encompassing this behavior. This
result will foreshadow that assemblies with UC2 will likely be
better design choices. With the mechanical response of the unit
cells delineated, the mechanical response of the unit cells dur-
ing vibration can be interpreted.

3. Results and Discussion

3.1. Dynamic Response of Unblemished and Prebuckled Unit
Cell Structures

Utilizing the experimental apparatus shown in Figure 1D, arrays
of fabricated individual unit cell structures were tested in vibra-
tions as a function of the frequency. Each array consists of four
layers. The unit cells have a height of 18mm and beam diameter
of 1mm. These dimensions were selected such that themaximum
resolution of the 3D printer can be used. Smaller unit cells can be
utilized for smaller-scale applications that require small but com-
plex structural features that embrace metamaterial behavior. In
addition, a large number of unit cells can be utilized for applica-
tions requiring large-scale but stable mechanisms.[29] Tacitly,
based on the previous investigation of scale effects,[32] increasing
the thickness of the beams will lead to nondesired postcontact at
early stages of deformation. Because one of the common repercus-
sions of 3D printing is nonuniformmaterial properties, larger unit
cells will also be more susceptible to material inhomogeneity, ush-
ering nonsymmetric deformation due tomaterial properties rather
than a rigorous design approach. Although scale effects are not
pertinent for this study, future work should also focus on their
consequences on 3D printing structures and how material inho-
mogeneity affects the frequency response. To monitor the experi-
mental results, harmonic response simulations were conducted to
attain the Bode plot of the amplitude as a function of the fre-
quency. Further details on vibrational analysis are provided in
SI3, Supporting Information.

Representative curves of the normalized amplitude as a func-
tion of the frequency for both unit cells are shown in Figure 3. For
both structures, there is close match between the experiments and
the simulations, indicating that the modeling used by the FEA
solver can depict the realistic behavior of the structures. The
variance may be associated with inhomogeneities in the material
that would be significantly more predominant for larger and

Figure 2. Nonlinear FEA analysis for UC1 and UC2. A) Stress–strain response of the two unit cells. For the unit cell 1, buckling commences at 7.7% lateral
compression, whereas for unit cell 2, it occurs at 7.2%. B) The deformation field on unit cell 1. Because this unit cell is not symmetric in the lateral
direction, out-of-plane buckling commences, creating a nondesired deformation mode. C) The deformation field on the unit cell 2. The buckling leads to
the external opening of the structure, avoiding in-plane buckling and subsequent postcontact that will stiffen the structure and apprehend the deformation
propagation.
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thicker members and should be investigated in future work.
Characteristic deformations obtained for the resonant frequency
are shown in Figure 3C, revealing partial bending of the bases
and radial expansion of the structure, as in the experiments.
The captured deformation at resonant frequency is also presented
(Figure 3). Both samples were tested in the initially undeformed
and prebuckled configurations (with 2mm compression). The
fact that this state is associated with buckling can be verified by
Figure 2A, because at this deformation regime the structure is
unstable. In addition, for 2mm, only buckling at the beams
was observed, whereas for higher deformations, overall buckling
of the whole structure commences. This causes sliding of the
layers, causing out-of-plane buckling for the whole structure.
At the resonant frequency, which is equal to 30Hz for UC1
and 35Hz for UC2, the amplitude increase compared with
low- and high-frequency actuation is 80% and 70%, respectively.
Nevertheless, prebuckling renders the individual unit cells highly
unstable, as they begin having out-of-plane deformation and not
uniform lateral propagation of the deformation into subsequent
layers. Therefore, prebuckling does not have a significant effect
in the amplitude increase, which becomes significantly large
due to out-of-plane deformation. In addition, it must be noted that
UC1, having less beam members, exhibits nonsymmetric defor-
mation. Consequently, fracture occurs at some beam members

(Figure 3A), as indicated by the nonlinear structural analysis.
Moreover, there is a shift of the resonant frequency of the two unit
cells. That is a significant change, since the frequency range that
dynamic phenomena are observed is only 60Hz. This implies that
the architected design can be used as a tool to switch the resonant
frequency of functional materials. Moreover, for the case of UC2,
prebuckling leads to the creation of two more resonant frequen-
cies, at 12.19 and 52.19Hz (by interpolation of the experimental
curves). This means that more modal shapes in the structures are
activated for lateral loading, a result consonant with the simula-
tions. The harmonic response estimated the values of these reso-
nant frequencies at 12 and 53Hz, respectively. The variance of the
modal shapes and the shifting of the natural frequencies due to
prestressing have been reported before,[30,31] and it is consonant
with our experimental results. At higher frequencies, the ampli-
tude of the deformation tends to 0, as the inertia of the unit cells
cannot follow up the high-frequency actuation, a result consistent
with the dynamic behavior of mechanical systems.[35,36]

3.2. Control of the Response of 3D Periodic Assemblies

Furthermore, the four different periodic arrays were tested. The
results are presented such that the two different combinations
for each assembly are compared. Therefore, the designs

Figure 3. Comparison of the harmonic response and the experimental response for UC1 and UC2. A) Normalized deformation amplitude–frequency curves
for UC1. The resonant frequency is at 32Hz but the small number of beam members renders it susceptible to failure due to the dynamic loading at pre-
stressing. B) Normalized deformation amplitude–frequency curves for UC2. The individual unit cells do not have the structural integrity to have stable vibration
propagation through subsequent layers. This out-of-plane instability renders the maximum amplitude the same for both the undeformed and prebuckled
configuration. However, apart from the main resonant frequency at 32Hz, two more are observed at 12.19 and 52.19 Hz (marked in the red circles).
C) Characteristic deformation distribution obtained by the harmonic response for the unstressed configuration to obtain the amplitude–frequency curve.
The deformed state for both unstressed and prestressed configuration of the tested structures is demonstrated at maximum and minimum deformation.
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associated with Assembly 1 (DS1 and DS4) are shown in
Figure 4, whereas the designs related to Assembly 2 (DS2 and
DS3) are shown in Figure 5. For DS1, prebuckling precipitates
71% increase in the resonant amplitude compared with low-fre-
quency actuation, whereas an initially undeformed structure has
62% increase. It is observed by the captured frames (Figure 4A)
that the out-of-plane deformation commences at the assembly as
well, as all the beam members have the proclivity to buckle to the
right side of the structure. This is the same mechanism shown
for the individual unit cell (Figure 2B). Although this effect is
manifested in the initially undeformed assembly as well, it is sig-
nificantly mitigated as the viscoelasticity causes energy dissipa-
tion which is removed by the strain energy caused by buckling.
Moreover, there is a shift of the resonant frequency. From 29Hz
for the initially undeformed configuration, it is shifted to 32Hz
due to prebuckling. Recordings of the deformation of the initially
undeformed and prebuckled DS1 are provided in V1 and V2, in
the Supporting Information, respectively. For DS4, radial

expansion is observed (Figure 4B), which is the same deforma-
tion mode shown in Figure 2C. Therefore, from a functional
standpoint, this design is more efficient as it does not have a det-
rimental buckling mode.[32] The characteristic responses at the
resonant frequencies are provided in V3 and V4, in the
Supporting Information. In addition, this assembly has more
beam members, leading to a 49% increase in amplitude at the
resonant frequency (at 31 Hz). This result is reasonable, consid-
ering that more beam members increase the rigidity of the struc-
ture. However, prebuckling increases the amplitude to 61%,
whereas there is also a small shift of the resonant frequency
(at 30 Hz). It must be remarked that there is also a new resonant
frequency at 9 Hz, which is comparable with the amplitude of the
initially undeformed structure.

Examining the response of the two structures, similar insta-
bility mechanisms occur even at the intertwined beam members
(Figure 5). In DS2, the layers face out-of-plane deformation for
both undeformed and prebuckled configurations (Figure 5A),

Figure 4. Comparison of the harmonic response and the experimental response for the Assembly 1 with unit cells 1 and 2 (DS1 and DS4). A) Normalized
deformation amplitude–frequency curves for DS1. The resonant frequency for the prebuckled structure is at 32 Hz, whereas for the undeformed design it
occurs at 29 Hz. B) Normalized deformation amplitude–frequency curves for DS4. Although the main resonant frequency is at 30 Hz for the prebuckled
configuration (31 for the undeformed), the amplitude at 9 Hz is also significantly enhanced for the prebuckled configuration (marked in the red circle). The
deformed state for both unstressed and prestressed configuration of the tested structures is demonstrated at maximum and minimum deformation.
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and DS3 faces radial expansion due to buckling (Figure 5B). The
resonant frequency of DS2 does not show a remarkable change,
shifting from 32.16 to 32Hz. Moreover, the amplitude increase
at the resonant frequency increases from 60% to 68%. This result
is a repercussion of the design of Assembly 2. The beam mem-
bers are intertwined in comparison with Assembly 1, leading to
significant increase in the rigidity. DS3 proved to be a much
more efficient design, as the amplitude from low frequency to
resonant frequency increased from 35% to 77%, at 37 and
35Hz, respectively.

Regardless of the amplitude increase, it is imperative to create
a design that can vanish the viscoelastic effects and promote uni-
form deformation propagation through the whole structures. To
capture this, the deformation at the layer which is the farthest
from the vibrator was observed for all the samples. The reason
why the Bode plots of the amplitude were measured at the initial
layers was that there is minuscule deformation of the unde-
formed structures at the top layers. Therefore, the variance of
the amplitude as a function of the frequency could be

distinguished using image processing on the captured deforma-
tions. Representative recordings for DS3 and DS1 are given in
V5, V6 and V7, V8, in the Supporting Information, respectively.
As indicated by the measured deformation shown in Figure 6, all
the designs show a remarkably larger deformation at the final
layer in the prebuckled state. This leads to five times amplitude
increase at the final layer (DS1). DS2 has a 2.22 times larger
deformation, whereas DS3 and DS4 have a 3.5 and 3.36 times
larger deformation, respectively. To fathom this effect, the ampli-
tude increase must be correlated with the energy dissipation of
the viscoelastic material. Because for all of the experiments either
one or two peaks were observed, the system behaves like a sec-
ond-order system or two convoluted second-order systems (i.e.,
fourth order). These systems can be characterized by their natu-
ral frequency ωn and their damping coefficient ζ. Using the anal-
ysis presented in SI4, Supporting Information, the damping
capacity of the material, which is the ratio of the energy dissi-
pated over the energy stored, is proportional to

P2
i¼1

2ζiωniω
ðωi2

n �ω2Þ,

Figure 5. Comparison of the harmonic response and the vibrational response for the Assembly 2 with unit cells 1 and 2 (DS2 and DS3). A) Normalized
deformation amplitude–frequency curves for DS2. The resonant frequency is at 32 Hz and there is a significant variation of the amplitudes for the
unstressed and prestressed configuration. B) Normalized deformation amplitude–frequency curves for DS3. The main resonant frequency is still at
32 Hz and again there is another resonant frequency at 10 Hz (marked in the red circle). The deformed state for both unstressed and prestressed
configurations of the tested structures is demonstrated at maximum and minimum deformation.
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where ω is the frequency of the applied force. Because the peaks
of the resonant frequencies are proportional to 1=ζ, the increase
in the amplitude of deformation leads to mitigation of the
energy dissipation of the whole structure, a conclusion congru-
ous with the experimental results. To put this analysis into
perspective, we present the numerical results for DS4, where
the amplitude difference is blatant between brebuckled and
undeformed configurations. As the amplitudes are normalized,
we use an effective damping coefficient ζ. By measuring the
peaks of the experimental curves, the undeformed structure has
ζun1 ðωn1 ¼ 11HzÞ ¼ 2.5 and ζun2 ðωn2 ¼ 31HzÞ ¼ 1.25. However,
for the prebuckled structures, ζpr1 ðωn1 ¼ 9HzÞ ¼ 1.25 and
ζpr2 ðωn2 ¼ 30HzÞ ¼ 1. Therefore, the damping capacity of the
material decreases in the prebuckled configuration. The mea-
sured normalized values of the damping coefficient for each
structure are shown in Table S1, in the Supporting Information.
However, as viscoelastic materials have fading memory effects,
they can behave nonlinearly. This means that the damping coef-
ficient ζ depends on the loading history of the structure.
Nevertheless, by conducting all the experiments multiple times,
the same resonant frequencies were observed and the ampli-
tude of the prebuckled structures was always higher than that
of the initially undeformed structures. Therefore, even though
the results will vary depending on the time the measurements
are carried out with respect to previous measurements, they can
still provide a quantitative argument why prebuckling precipi-
tates the mitigation of viscoelastic effects. Nonetheless, for this
analysis to be valid, it is imperative that the mechanical response
leads to a closed-loop hysteresis curve in the force–displacement
curve. Otherwise, the system has a chaotic behavior that cannot be
addressed by the presented analysis.[37] Using image processing
on the recording deformations, the deformation of selected layers
can be measured as a function of time and compared with the
applied force. Further details on this process are presented in
SI5, Supporting Information. Characteristic curves for DS4 at
the resonant frequency are shown in Figure S1, Supporting

Information. It is evident that in the steady state there is a phase
difference between the applied force and deformation because the
materials are viscoelastic. Plotting the force as a function of the
displacement (Figure S2, Supporting Information) reveals that
there is indeed a closed hysteresis loop, and the system does
not have a chaotic nonlinear behavior.[37] Therefore, the harmonic
response analysis can be used.

Despite this intriguing finding, the mechanical responses
that were presented must also be put into perspective. The
assemblies with UC2 are much more efficient than UC1
because out of plane buckling is hindered. In addition, this
design leads to the activation of more resonant frequencies,
modifying the frequencies that can be used to actuate the struc-
ture. This effect can be rather expedient for mechanisms that
need a step-wise actuation, with a large but steady increase in
the deformation. There is also a remark that must be addressed
regarding the versatility of these materials coupled with archi-
tected structures. At higher frequencies, it is observed that all of
the structures have miniscule deformations. However, there is
another mechanism that is evident at high frequencies. From
the theory of mechanical behavior of polymers[27,38] at high
frequencies (above 60 Hz for the fabricated structures), the vis-
cosity of the material tends to become 0 (as noted in SI4,
Supporting Information), and the material behaves as a rigid
structure. This effect, accompanied by the tailored malleability
of the prebuckled structures, can lead to adaptive devices[2,39]

that show significant versatility in transitory environments
requiring either high strength and rigidity or large deforma-
tions and flexibility by frequency modulation.

Nevertheless, it must be noted that based on the recorded
deformation of the fabricated structures, coupling of multiple
loading modes such as torsion is insinuated. This coupling
has significant effects on the modal response of dynamic sys-
tems, as it has been delineated.[37] Although the modal analysis
that was conducted revealed rotational modal modes as well,
these responses should have a drastic effect depending on

Figure 6. The deformation amplitude for each structure at the last layer in the prestressed and unstressed configuration. A) Characteristic response at the
final layer for the prestressed and unstressed configuration. It is observed that the prebuckled configuration has significantly a larger deformation on the
final laye,r providing the actuation propagation through the whole structure. B) Deformation comparison for both configurations at the last layer, accom-
plishing an increase in the amplitude at 500% for DS1 or 222% for DS2, 350% for DS3,% and 336% for DS4.
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the applied loading of the structure. Future work should focus
on the modeling of such coupling in the dynamic response of
3D viscoelastic materials. Furthermore, experimental techni-
ques utilizing forces of higher magnitude should be utilized
to excite higher buckling modes in the structure. Although,
in this study, the deformed profiles that were observed corre-
spond to the first buckling mode, higher buckling modes
may rejuvenate more resonant frequencies and therefore lead
to an even more significant mitigation of the viscoelastic behav-
ior. As modifying the dimensions of the unit cells may also pro-
vide similar effects, scaling analysis should also be investigated
under the scope of different buckling modes.

4. Conclusions

In summary, in this study, we demonstrated the design of 3D
structures encompassing intrinsic and external instabilities,
leading to a remarkable enhanced dynamic behavior. The tested
unit cells and their respective assemblies were investigated
under the scope of a functional behavior that facilitates large
deformations due to vibrations, instead of static loading or wave
mechanics that are reported before. Prebuckling of the beam
members of the structures provided augmented flexibility, miti-
gating the viscoelastic effects of the used rubber materials.
Designing smart structures that furnish prebuckling before
loading provides a new design parameter that can be tailored
to improve the structural performance of such systems.
Simulations and experiments on 3D-printed samples revealed
that by connecting the unit cells next to each other, more
resonant frequencies are rejuvenated. These results provide the
guidelines to control the dynamic effects of 3D-printed elasto-
mer materials. Nevertheless, it is evident that the design of these
systems is highly complex. Optimization techniques[40–42] such
as machine learning can be a useful arsenal to accomplish
the objective to find the best design of the desired behavior.
In addition, these effects may be incorporated even at smaller
scales, for the design of microscale metamaterials. This study
aims to provide the experimental and numerical approaches that
have to be used for the modeling of the dynamic behavior of
flexible structures. Finally, our findings pave the way to design
smart materials, synergistically coupling rigidity and flexibility
on demand, that are also expedient to the caducity of the working
environment, such as mechanical signal transport or artificial
muscles.

5. Experimental Section and Dynamic Modeling
A detailed description of the experimental procedure used to fabricate

the samples and characterize their mechanical response, along with the
dynamic modeling of these systems, can be found in the Supporting
Information.

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