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ABSTRACT

Materials with wide bandgap distributions have significant potential in the development of novel vibration
isolation and damping systems, especially for aerospace and automotive applications. Three mechanical meta-
materials were proposed, consisting of negative stiffness elements, honeycomb structures, and resonators, with
the negative stiffness elements fabricated from shape memory polymers. By integrating the tunability of smart
materials and analyzing from the perspective of phononic crystals, the metamaterials exhibit programmable and
highly tunable bandgap properties. The results show that the configuration of negative stiffness elements directly
affects the equivalent stiffness of the metamaterial, thereby altering its dispersion relation and transmission
properties. The impact of geometric parameters on the modulation of bandgap frequency and transmission
properties is systematically verified. Furthermore, two reversible methods, shape memory shape programming
and stiffness programming are proposed. The highly nonlinear and impedance mismatch characteristics of the
programming structures enable bandgap adjustment under complex loading conditions, achieving full-band vi-
bration isolation within the 1000 Hz frequency range. Additionally, interfaces with different gradients can
accurately control the transmission and blocking of excitation frequencies. Programmable coordination based on
mechanical pixels ensures the integration of negative stiffness mechanical metamaterials in high precision

devices.

1. Introduction

Metamaterials are a class of periodic structures intentionally
designed to achieve specific mechanical and physical properties[1]. The
mechanical response and fluctuation state of a metamaterial are gov-
erned by its unit shape, dimensional parameters, arrangement, and the
basic materials used[2,3]. Due to the high degree of design flexibility,
metamaterials exhibit tunable properties across various domains[4-7].
This tunability enables the manifestation of unique physical phenom-
ena, such as negative refractive indices and optical invisibility in elec-
tromagnetism[8,9], acoustic black holes and localized resonances in
acoustics[10,11], negative thermal expansion in thermodynamics[12],
as well as negative Poisson’s ratios and negative stiffness (NS) in me-
chanics[13-17]. Additionally, phenomena such as topological mechan-
ical phases[18] and other extraordinary properties are observed. These
characteristics have led to the widespread application of metamaterials
in fields like wireless communications[19], acoustic control[20,21],
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energy harvesting and conversion[22], and mechanical control[23].
Due to practical engineering needs, Mechanical metamaterial (MM)
is required to serve as support components that can withstand complex
loads[24,25]. However, as connecting components, it is difficult to
avoid the transmission of vibration induced elastic waves, which must
be blocked and attenuated[26-29]. MM with bandgap characteristics
can prevent the propagation of elastic waves within certain forbidden
frequency ranges[30,31]. The formation of these elastic wave bandgaps
typically relies on the resonance effect, structural coupling, and
nonlinear effects of periodic units[32-37]. The bionic structures
inspired by the natural biological organism structure and function,
drawing on their excellent mechanical properties, adaptive capabilities,
and multifunctional characteristics, can achieve improvements in
structural performance and multifunctional integration[38-43]. Chiral
units, due to their unique compression-torsion coupling effect, enable
the conversion between longitudinal waves and torsional waves,
exhibiting abnormal wave control effects[44-46]. In addition, X-shaped
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structures[47-50], plate-like structures[51,52], and self-similar struc-
tures[53,54] also exhibit interesting mechanical properties and elastic
wave control effects. Origami and its derived structures can achieve
multi-modal transformation based on specific mountain-valley line de-
signs or kinematic mechanisms, thereby exhibiting different
multi-directional mechanical properties and customized wave propa-
gation paths[55-57]. The liquid-structure coupling in cavity structures
[58-60] and gas-structure coupling[61] are also considered effective
methods for controlling bandgaps, enabling bandgap control under dy-
namic conditions without relying on the initial configuration. Piezo-
electric active metamaterials based on resonant circuits have been
proven to achieve programmable bandgap regulation, and even possess
adaptive adjustment capabilities, making them an effective means of
dynamically adjusting elastic wave propagation[62-64].

NS elements play a crucial role in energy storage and bandgap for-
mation due to the nonlinear dynamics of elastic buckling instability[65].
The instability of NS elements can be leveraged to produce controllable
and reconfigurable morphological changes within the structure,
enabling programmed regulation of the bandgap[66]. By combining NS
elements with mass concentrating components, a mass mismatch effect
can be induced, generating resonance phenomena that open a low fre-
quency bandgap and further expand the overall bandgap range [67,68].
Mass concentrating elements can be fabricated using higher density
materials or higher density distributions. NS effects can be generated
through springs, flexural beams, and specially arranged magnets[69],
Compression can effectively achieve controlled local deformation,
influencing bandgap distribution and the evolution of effective bandgap
width in various directions[70]. Stress variations within the NS element
can significantly affect vibration, leading to symmetric and antisym-
metric displacements that contribute to the formation of a low frequency
bandgap[66]. The structural damping properties of NS elements provide
metamaterials with exceptional acoustic performance, particularly at or
above the range of acoustic coincidence[71].

Smart materials can actively adjust their properties in response to
changes in the external environment, offering a unique advantage in
bandgap regulation[72-76]. By integrating smart materials with meta-
material structures, elastic wave bandgap modulation can be achieved,
thereby enhancing the functionality and adaptability of materials in
dynamic environments. Metamaterials based on magnetorheological
elastomers or magnetorheological fluids have been used to demonstrate
multi-directional programmable and reconfigurable bandgaps[73,
77-80], and when combined with origami, they exhibit unexpectedly
remarkable performance[81]. The austenitic and martensitic phase
transitions of shape memory polymers in response to temperature
endow them with programmable and reconfigurable properties without
requiring large scale structural or material changes[82]. These materials
offer high energy efficiency, overcoming the limitation of irreversible
performance after structural molding and significantly expanding the
dynamic flexibility of structures. The shape memory behavior of these
materials allows for the adjustment of mechanical properties in both
spatial and temporal dimensions, enabling programmable elastic wave
propagation paths and facilitating active waveguide phenomena [83].
The potential of 4D printing shape memory polymers for designing and
fabricating smart devices for elastic wave control and vibration isolation
is also highlighted[84,85]. Temperature induced stiffness changes can
effectively enhance vibration isolation and reduce resonance frequency
[76]. Additionally, Temperature induced transformation of structural
configuration effectively broadens the vibration damping range of a
structure[86].

In this work, based on thermally stimulated shape memory polymers,
three types of bi-material negative stiffness mechanical metamaterials
(NSMM) are proposed, combining three types of negative stiffness ele-
ments and honeycomb structures made of non-thermo responsive ma-
terials. Due to the programmable characteristics of shape memory
materials, two reversible programming strategies are proposed to study
the evolution of elastic wave bandgaps and vibration responses: shape
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programming of NSMM and stiffness programming of NS elements in
response to temperature. Both experimental and finite element evalua-
tions are conducted. Additionally, the elastic wave propagation
behavior under different bandgap gradients is explored through various
gradient combinations. The results show that NSMM exhibits different
mechanical responses and vibration modes under different forms of
negative stiffness elements, and the proposed programming strategies
enable full-frequency vibration suppression in the 0-1 kHz frequency
range. Furthermore, a vibration control strategy based on lattice me-
chanical pixels and shape memory polymers is proposed, providing a
reliable guide for applying programmable NSMM to space-based on-
orbit devices and the automotive industry.

The remaining structure of this paper is as follows: Section 2 details
the metamaterial design concept and investigates the fundamental me-
chanical properties of the required materials. Section 3 evaluates the
bandgap evolution and vibration performance of the proposed NSMM
programming scheme through experiments and finite element simula-
tions, and develops corresponding analytical models. The elastic wave
propagation under different gradient modes is evaluated, and a pixe-
lated vibration control strategy is proposed. Section 4 summarizes
several conclusions.

2. Materials and methods

In this section, three novel negative stiffness metamaterials are first
proposed, with detailed dimensions specified. Two programming
schemes, shape memory shape programming and stiffness program-
ming, based on the thermal programmability of shape memory poly-
mers, are introduced for the dynamic regulation of elastic waves.
Subsequently, the process of printing and manufacturing the three
metamaterials is described, along with detailed information regarding
the testing workflow. Dynamic thermodynamic testing and tensile tests
are conducted on standard tensile samples. The relevant setup process
for finite element simulations is also introduced.

2.1. Geometric modeling and Mechanisms

In this work, NSMM is presented that can be both shape program-
ming and stiffness programming using shape memory smart materials.
The structure consists of a mass block, NS element, and rigid honeycomb
support structure, with the NS element forming the core of the structure
(Fig. 1(a)). The mass block provides mass inertia, influencing the dy-
namics of the entire structure, while the rigid honeycomb skeleton
supports the NS beam, enhancing both the stability of the structure and
the effective action range of the NS beams. NS beams are incorporated
into the rigid honeycomb and are categorized into three types: slanted
beams (S-B), cosine beams (C-B), and folded beams (F-B). The form of
these NS beams determines the NS characteristics and vibration isolation
properties of the structure. In addition, the NS unit can significantly
influence the dispersion relation of the metamaterial, playing a key role
in realizing characteristics such as bandgaps and localized modes. After
introducing the NS unit, the effective stiffness of the local structure
exhibits a non-monotonic or even negative range, thereby inducing new
bandgaps or expanding existing ones. The NS units made of shape
memory polymers can effectively control the propagation of elastic
waves within the programming range. The NSMM is formed by
combining the mass block, honeycomb skeleton, and NS beams into a
unit, with the resulting structure named S-B NSMM, C-B NSMM, and F-B
NSMM, respectively. The cell serves as the foundation for the mechan-
ical properties of the structure. The structure exhibits a high degree of
symmetry, which enables effective low frequency modulation of elastic
waves. Table 1 gives the dimensional parameters of this work.

The NS beam is fabricated with shape memory smart materials, while
the other components are made of non-temperature responsive mate-
rials. Shape memory smart materials. Shape memory polymers can
adopt temporary shapes under the influence of temperature, and these
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Fig. 1. Design diagram of customizable programmable bandgap NSMM. (a) NSMM element assembly: Consists of a mass block, NS element, and rigid honeycomb
wall. (b) Shape memory mechanism. (c) NS element interconversion. (d) Shape memory programming: Shape programming and stiffness programming, are

determined by the NS element of the SMP. (e) Transmission model.

shapes can be restored to permanent forms through re-tempering (Fig. 1
(b)). Three types of NS beams mutually conform to each other shape by
the shape memory effect (Fig. 1(c)). The Fig. A1 provides more details.
The programmable transformation of the beams implies that NSMM can

Table 1

NSMM Dimensional Parameters.
Parameter Value Parameter Value
A 80.83 mm t 2 mm
B 33.09 mm 9 30°
C 10 mm l 45 mm
h; 15 mm r 2.22 mm
hy 17.89mm R 3.53 mm
hs 50 mm w 26.75mm
H 111 mm e 6 mm
d 15mm a 45°

also be inter-programmed. Additionally, three programmable strategies
are proposed for shape programming and stiffness programming of the
beams, based on the programmable properties of the NS elements (Fig. 1
(d)). Shape programming includes compression programming and tor-
sion programming, where compression programming alters the
nonlinear properties of the beam, and torsion programming affects the
height symmetry and nonlinear properties. Stiffness programming, on
the other hand, modifies the stiffness of the beam, which is more likely
to induce resonance phenomena. The attenuation of elastic waves by
NSMM is investigated, with the corresponding elastic wave transmission
model shown in Fig. 1(e). The excitation signal used is a sinusoidal
excitation per unit acceleration, and the transmission spectrum curves
are evaluated for both the excitation and response signals (a;, is the
excitation acceleration signal, a,, is the response acceleration signal,
the transmission rate as T = 20-10g(aoy/ain).)-
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2.2. Additive Manufacturing and Mechanical Testing

The CAD model of NSMM was constructed with the help of Space-
Claim, and the material was molded using Bambu Lab P1S fused depo-
sition 3D printing and bonded using a binder. Three key components of
NSMM were fabricated using mortise and tenon nesting, molded
through fused deposition 3D printing, and subsequently bonded with
adhesives to assemble the experimental model (Fig. 2(a)). NS beams
were fabricated using shape memory polylactic acid (PLA-SMP), with a
terpolymer (ABS) of acrylonitrile (A), butadiene (B), and styrene (S) as
the base material for the rigid support and mass oscillator.

The dynamic thermodynamic curves of PLA-SMP were measured by
DMA Q800. Mechanical tensile tests were carried out in an Instran 5569
universal electronic testing machine with a temperature box, and the
tensile tests were performed according to ASTM D638 with a tensile rate
of 2mm/min. For tensile tests at different temperatures, the temperature
box was first warmed up to the target temperature, and then the test
pieces were kept warm for 15 min and more to ensure that the material
was uniformly heated, and then the tensile test was performed subse-
quently. The tensile standard dog bone was obtained by fused deposition
3D printing. The glass transition temperature (T,) of PLA-SMP is
approximately 67°C, at which the storage modulus decreases and the
loss angle increases, peaking at the glass transition temperature (Fig. 2
(c)). PLA-SMP exhibits different mechanical responses at varying tem-
peratures (Fig. 2(d)). The mechanical response of ABS was also explored
(Fig. 2(e)).

As shown in Fig. 2(b), the variable temperature test, the temperature
chamber was adjusted to the target temperature, then the test model was
placed into the test chamber, and the bottom of the model was bonded to
the fixed plate of the shaker (JZK-10 Shaker), and acceleration sensors
(PCB PIEZOTRONICS LW501061) were bonded to the top and bottom of
the model, and the temperature was kept constant for 15 min to ensure
that the material was uniformly heated, and then the signal was trans-
mitted to the shaker through the signal amplifier (YE5872A), and the
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signal was captured by the acceleration sensors. (KEYSIGHT 33500B)
outputs a sinusoidal swept signal from 0-2000 Hz, which is transmitted
to the shaker through a signal amplifier (YE5872A). The signal is
captured by the acceleration sensor, acquired and recorded by a signal
collector (DH5956), and finally displayed and processed on a computer.
Fig. A2 provides more experimental details.

2.3. Finite Element Analysis

The COMSOL solid mechanics module is used to build a finite
element model and simulate the structural band gap and transmission
spectrum. The Floquet periodic boundary is applied on the bottom
surface above and below the mass block and the Brillouin zone is
scanned to obtain the structural band gap. Acceleration excitation is
applied on the bottom surface to obtain the transfer curve of the struc-
ture. Abaqus2021 was employed to analyze load distribution under
quasi-static loading. During shape programming, NSMM was com-
pressed at 70°C, followed by bandgap variation analysis at 25°C, with
pre-stress effects incorporated.

The geometry of the beam significantly influences the strength and
range of the NS response, as well as the overall equivalent stiffness of the
metamaterial. These factors, in turn, alter its dispersion relations and
bandgap properties. The dispersion curves, transmission spectrum, and
vibrational modes of the S-B NSMM are presented in Fig. 3(a). The S-B
NSMM exhibits three complete bandgaps in the z direction, corre-
sponding to the frequency ranges of 431.7-977.2 Hz, 1043.9-1298.9 Hz,
and 1477.5-2754.9 Hz, where elastic wave propagation is prohibited.
The vibrational displacements of the A1 mode is distributed throughout
the entire single cell, with deformation energy predominantly concen-
trated on the inclined beam. This beam is subjected to bending and
torsion due to the relatively larger mass and stiffness of the mass block
and rigid honeycomb wall. In contrast, the A2 mode exhibits vibrational
displacements primarily in the mass block and inclined beam, while the
rigid honeycomb wall remains stationary. Similarly, the A3, A4, and A5

Fig. 2. Additive Manufacturing and Mechanical Testing. (a) Manufacturing and assembly. (b) Experimental vibration test system. (c) Dynamic mechanical properties
of PLA-SMP. (d) Mechanical property of PLA-SMP. (e) Mechanical property of ABS. The mechanical property test results will be used for subsequent finite element

modeling and simulation analysis.



W. Zha et al.

International Journal of Mechanical Sciences 303 (2025) 110614

Fig. 3. Bandgap evolution and experimental analysis of NSMM. (a) Transmission spectrum and vibration modes of the S-B NSMM. (b) Bandgap distribution of
NSMM. (c) Time domain response of S-B NSMM, (d) C-B NSMM, and (e) F-B NSMM under experimental, vibration signals outside the bandgap are amplified, while
those within the bandgap are suppressed. (f) Frequency domain response of S-B NSMM, (g) C-B NSMM, and (h) F-B NSMM under experimental and simulation. The
finite element results show good agreement with the experimental results, and the F-B NSMM exhibits superior vibration performance.

modes, demonstrate similar deformation patterns to the A2 mode. The
A6 mode, situated at the cutoff frequency of the third bandgap, exhibits
an overall deformation pattern across the structure. The dispersion
curves and vibrational modes of the C-B NSMM and F-B NSMM exhibit
comparable characteristics (Fig. B1). In both cases, the deformation
energies are concentrated within the NS beams. The center frequencies
of the three bandgaps in the C-B NSMM remain within the same order of
magnitude, indicating that the bandgaps are achieved at sub-
wavelength dimensions.

Fig. 3(b) illustrates the bandgap distribution and bandwidth share of
NSMM. The first bandgap onset frequencies for the S-B, C-B, and F-B
NSMM are 431.7 Hz, 380.7 Hz, and 280.6 Hz, respectively. The third
bandgap cutoff frequencies are 2754.9 Hz, 2773.5 Hz, and 2848.4 Hz,
respectively. The first bandgap intervals are 18.2%, 14.9%, and 13.1%,
while the total bandgap intervals account for 69.3%, 77.8%, and 87.9%,
respectively. Among the three configurations, the S-B NSMM features
the widest first bandgap bandwidth at 431.7 Hz, with a corresponding
ratio of 18.2%. On the other hand, the F-B NSMM demonstrates the
lowest first bandgap onset frequency (280.6 Hz), the highest third
bandgap cutoff frequency (2848.4 Hz), and the largest total bandgap
interval, accounting for 87.9%, thereby exhibiting the broadest elastic
wave forbidden band.

Fig. 3(c)-(e) shows the time domain response signals of NSMM tested
at 25°C. At the initial stage of the applied vibration excitation, the
output acceleration significantly exceeds the input acceleration,

indicating that the vibration is amplified in the low frequency band. At
high frequencies, the input acceleration varies continuously and the
output acceleration tends to zero, indicating that the vibration is effec-
tively attenuated. Fig. 3(f)-(h) shows the transmission spectrum of
NSMM tested at 25°C, and the transfer curves accurately capture mul-
tiple resonance peaks of the structure. The onset frequencies of the
damping intervals of NSMM are 571 Hz, 566 Hz, and 440 Hz, respec-
tively, and the transfer curves of the C-B NSMM and the F-B NSMM show
a similar trend of change. The F-B NSMM has a lower onset frequency
and a wider vibration isolation interval.

The global characteristics of low-frequency vibrations and the local
responses of high-frequency vibrations caused the differences between
the experimental and finite element results. This is because 3D printing
involves layer-by-layer printing, and under an optical microscope, it
appears as multiple layers stacked together, with gaps between layers.
Additionally, the NSMM is assembled from various components,
whereas the finite element model is a perfectly homogeneous model. In
the low-frequency range, the vibration modes are relatively simple,
primarily reflecting the response of overall stiffness and mass charac-
teristics. The finite element analysis captures these global characteristics
more accurately. High-frequency vibrations, on the other hand, usually
involve more complex local responses, influenced by factors such as
microstructure and local boundary conditions. These factors are not
considered in the finite element model, leading to deviations in the high-
frequency range. The low frequency vibration transmission spectrum of
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NSMM obtained through finite element analysis exhibit the same trend
of variation as those from experimental methods and effectively capture
the resonance peaks of the structure. In summary, there is good agree-
ment between the finite element model and the experimental structure.

3. Results and discussion

In this section, the dispersion curves, frequency response charac-
teristics, and vibration modes of the three proposed NSMMs are first
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investigated, and the experimental results are verified with finite
element analysis results. The influence of two important geometric pa-
rameters on the band gap in specific intervals is discussed. Subsequently,
the band gap evolution under shape programming and stiffness pro-
gramming is explored, and multi-gradient modes are also discussed.
Finally, based on the previous research, a vibration control strategy
based on lattice mechanics pixels is proposed.

Fig. 4. Bandgap evolution under the Size effect of NSMM. (a) Bandgap evolution of S-B NSMM, (b) C-B NSMM, and (c) F-B NSMM at different widths. (d)
Transmission spectrum of S-B NSMM, (e) C-B NSMM, and (f) F-B NSMM at different widths. (g) Bandgap evolution of S-B NSMM, (h) C-B NSMM, and (i) F-B NSMM at
different thicknesses. (j) Transmission spectrum of S-B NSMM, (k) C-B NSMM, and (1) F-B NSMM at different thicknesses. The trends of bandgap evolution and
transmission variation under the influence of geometric parameters are consistent.
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3.1. Bandgap evolution under the influence of NSMM dimensions

The dimensional parameters of the structure play a critical role in
determining the bandgap distribution and elastic wave transmission.
Width and thickness are two key parameters that influence the NS
beams. An increase in beam width enhances the effective stiffness of the
NS beam, which raises the intrinsic frequency of the vibrating system,
thereby increasing both the boundary frequency and bandwidth of the
bandgap.

Fig. 4(a)-(c) shows the evolution of the bandgap for NSMM, where
the onset frequency of the bandgap boundary gradually increases with
increasing width, and the bandgap width increases monotonically. The
increase in width results in the opening and closing of the bandgap. The
opening of the bandgap has a particularly significant effect on the low
frequency bandgap. At lower widths, the reduced beam stiffness en-
hances coupling with the mass block, leading to stronger resonance
phenomena and greater energy dissipation. This manifests as an increase
in elastic wave transmission (Fig. 4(d)-(f)). The cosine beam exhibits
stronger geometric nonlinearity and can open the first bandgap (BG1)
earlier than the inclined beam at the same width. Fig. 4(d)-(f) displays
the transmission spectrum of the three NSMM, along with the variation
of the width ¢, which also shows white bands connecting regions that
correspond with the bandwidths and cutoff frequencies of the respective
wide bandgaps. At lower widths, the blue band starts at a lower fre-
quency and experiences less transmission at the same frequency. A
smaller width reduces the effective stiffness of the beam, making it more
prone to resonance with the mass block, which increases energy dissi-
pation. The F-B NSMM has the widest bandgap and exhibits better elastic
wave attenuation across successive variations of width ¢, as well as a
lower onset frequency.

The thickness of the NS beam is a critical parameter in determining
the effective stiffness of the beam. Fig. 4(g)-(i) illustrates the structural
energy bandgap evolution of the NS beams under the influence of suc-
cessive 1-5 mm variations in thickness while keeping the other di-
mensions of NSMM constant. The overall bandgap distribution of the S-B
NSMM influenced by thickness is similar to that of the ligament width
effect. However, increasing thickness results in a more pronounced
opening of the low frequency bandgap (BG1). As the thickness increases,
the center frequency, cutoff frequency, and bandwidth of the bandgap
all shift higher. BG2 of the S-B NSMM forms a complete bandgap, and its
center frequency increases with thickness. The bandgap of the S-B
NSMM is fully developed because the effective stiffness of the NS beam
increases with increasing thickness, causing the overall bandgap range
to shift toward higher frequencies.

The high frequency bandgap of the C-B NSMM is significantly
affected by thickness changes, with some bandgaps (BG4 and BG5)
closing due to the increase in thickness. The increase in thickness has an
even more pronounced effect on the high frequency bandgap of the F-B
NSMM, indicating that the folded beam design offers greater bandgap
regulation in the high frequency range. Fig. 4(j)-(1) displays the trans-
mission spectrum of the three NSMM at different ligament thicknesses.
Similar to the transmission results for the width parameter, the blue
band in the middle of the white band corresponds to the bandgap width
and cutoff frequency at the respective dimensions, with good agreement.

The cases of low thickness and low width exhibit similar behavior, as
the reduced effective stiffness of the ligaments leads to more resonance
with the mass block, resulting in significant dissipation of low frequency
vibrational energy. This behavior is more favorable for opening the low
frequency bandgap, with the blue bands showing lower onset fre-
quencies. As the thickness increases, the effective stiffness of the NS
beams rises, and the transmission shifts to higher frequencies. The F-B
NSMM shows the widest bandgap and superior elastic wave attenuation
under continuous thickness variation, with lower cutoff frequency
boundaries, demonstrating significant low frequency vibration isolation
capability. After an increase in thickness, the high frequency bandgap
and transmission loss performance of the F-B NSMM surpasses that of

International Journal of Mechanical Sciences 303 (2025) 110614

the S-B and C-B NSMM.
3.2. Programmable Shape Response

Metamaterial structures used in engineering applications must
endure complex loads. A single configuration is insufficient to block and
absorb the vibration energy generated by such loads. To address this,
shape memory programming is employed to induce changes in ligament
configurations, enabling the evolution of the bandgap and the realiza-
tion of adjustable bandgap characteristics. Two programming schemes
are proposed: compression programming (Fig. 5(a)) and torsion pro-
gramming (Fig. 5(f)). Fig. A3 shows the corresponding shape
programming.

In the shape programming scheme, NSMM programming focuses on
the NS beam, which maintains its shape and then transmits vibrations.
Fig. C1 shows the quasi-static compression simulations of NSMM with
different ligament parameters. The deformation process is divided into
three stages: Stage 1 (positive stiffness, elastic deformation), Stage 2
(NS, elastic destabilization deformation), and Stage 3 (positive stiffness,
plastic deformation in the dense stage). The compression mechanics
curves of the S-B NSMM show that the peak values gradually increase
with the width and thickness of the ligaments, enhancing the NS char-
acteristics and energy absorption capacity. Specifically, the width
change does not affect the zero potential energy point. The initial stiff-
ness of the C-B NSMM is lower than that of the S-B NSMM, but the NS
stage starts earlier, suggesting that the geometric design of the cosine
beams is more prone to destabilization. The initial stiffness of the F-B
NSMM is the lowest, indicating that the folded beams are more sus-
ceptible to bending deformation.

Fig. 5(c)-(e) shows the bandgap evolution of NSMM under shape
programming while Fig. C2 provides more detailed bandgap distribu-
tions and elastic wave transmission evolution of S-B NSMM. Compared
to the initial configuration, the programming NSMM opens up the low
frequency bandgap, shifts the first bandgap downward, and narrows the
bandwidth, resulting in a lower onset frequency. This shift is due to the
significant reduction in the effective stiffness of the programming
NSMM, which, according to the single degree of freedom mass spring
vibration system, lowers the intrinsic frequency and the cutoff frequency
of the bandgap. Compression programming enhances the nonlinear ef-
fects of the structure and induces local resonance phenomena in the NS
section, further opening up additional bandgaps. The NS property also
increases the impedance mismatch region of the structure, resulting in a
broader bandwidth. As the effective stiffness of NSMM decreases due to
compression programming, the intrinsic frequency drops, and the
impedance mismatch, along with nonlinear mode coupling induced by
the stiffness reduction, significantly affects the bandgap evolution. The
bandgap distributions of NSMM with varying degrees of programming
exhibit multiple energy band branches in the bandgap regions,
approximating horizontal straight lines (Fig. C2). In this case, the group
velocity is represented by a horizontal straight line with a slope close to
zero. Observing NSMM transmission spectrum, compression program-
ming reduces the amount of transmission, while the nonlinear effects of
the structure weaken the system damping, increasing transmission loss.

Fig. 5(b) displays NSMM vibration modes at an excitation frequency
of 250 Hz. In the initial state, the excitation falls within the passband,
allowing the elastic wave to propagate. The NSMM responds with a
synergistic displacement deformation of the entire structure. However,
when the excitation frequency is within the forbidden band of the pro-
grammed NSMM, the elastic wave cannot propagate. The vibrational
energy is strongly attenuated within the first single cell, remaining
confined to the location of the excitation and failing to induce
displacement across the overall structure. This local resonance phe-
nomenon arises from Brillouin scattering and impedance mismatch in
the forbidden frequency range, causing the structure to exhibit strong
reflective properties at that frequency.

For the torsional programming scheme, NSMM programming focuses
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Fig. 5. Programmable shape response and bandgap evolution of NSMM. (a) Schematic and vibrational diagrams of compression shape programming in S-B NSMM.
(b) Schematic and vibrational diagrams of torsion shape programming in S-B NSMM. (c) Bandgap evolution of S-B NSMM, (d) C-B NSMM, (e) F-B NSMM under
different compression programming states. (f) Bandgap evolution of S-B NSMM, (g) C-B NSMM, (h) F-B NSMM under different torsion programming states.

on the NS beam, which maintains its shape while performing the vi-
bration transfer. The bandgap distributions of the three NSMM at
various torsion angles are shown in Fig. 5(h)-(j), and Fig. C3 provides
more detailed bandgap distributions and transmission spectrum evolu-
tion. The bandgap exhibits significant dynamic changes with the torsion
angle, with the number of bandgaps increasing and then decreasing as
the torsion progresses. The F-B NSMM, in particular, has a much lower
onset frequency in its initial state, and its bandgap distribution is more
complex, especially below 300 Hz and above 600 Hz, where significant

changes in distribution occur. This indicates that torsional programming
intensifies the non-uniformity of the stiffness distribution within the
structure. As a result, the mode spacing narrows, higher order modes are
activated, and geometrical nonlinear effects coupled with periodic
damage enhance modal coupling. These factors lead to a gradual
reduction in the passband bandwidth between bandgaps, reflecting the
significant modulation of the structural fluctuation characteristics due
to torsion. This phenomenon highlights the profound impact of torsional
programming on the bandgap characteristics and vibration isolation
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performance of the NS structures. Additionally, the inherent nonlinear
geometry of NSMM further influences the torsional modulation of the
elastic wave propagation. The bandgap distributions for NSMM with
varying degrees of programming exhibit multiple energy band branches
that approximate a horizontal straight line. In this scenario, the group
velocities correspond to a horizontal line with a slope close to zero.

Fig. 5(g) shows the vibration displacement distribution at an exci-
tation frequency of 180 Hz for NSMM under torsion programming. In the
passband frequency, elastic waves can propagate through the structure,
causing overall vibration deformation. However, when the excitation
frequency falls within the forbidden band, the elastic waves are strongly
attenuated within the excitation unit cell, resulting in only local vibra-
tion deformation confined to the excitation cell.

Although the NS elements of the NSMM differ in specific geometric
forms, they all possess a certain periodic structure, which similarly
modulates the elastic wave propagation characteristics. Additionally,
under different torsion angles, the modal distributions of the folded
beams and cosine beams are affected by torsion-induced breaking of
high symmetry and adjustments to local stiffness, resulting in similar
band structure characteristics under these conditions. Compared to S-B
NSMM, the geometric complexity of C-B and F-B NSMM is higher,
especially in the high-frequency range, where they introduce dense local
resonance modes, causing their band gap distributions to converge in
the high-frequency region.

3.3. Programmable stiffness response

The beams of NSMM can be interchanged among slanted, cosine, and
folded beams due to the shape programmable properties of shape
memory smart materials, allowing dynamic regulation of elastic wave
transmission and isolation through conformational changes. Addition-
ally, the mechanical properties of NSMM are temperature dependent
(Fig. 6(a)), enabling the structural stiffness of PLA-SMP based NS beams
to be dynamically adjusted. This adjustment enhances the likelihood of
resonance with the mass block and rigid honeycomb wall, overcoming
limitations imposed by size and external conditions. This regulation
facilitates the intelligent evolution of elastic waves, significantly
contributing to vibration control.

Another effective control strategy involves the use of payloads, as
shown in Fig. 6(b), where additional mass is employed to achieve vi-
bration suppression. This approach has demonstrated effectiveness and
is more aligned with engineering practices. Analogous to a single degree
of freedom vibration system, stiffness programming enables precise
control of effective stiffness, while the payload influences the mass.
Further experimental details are provided in Fig. A2.

The stiffness programming bandgap evolution of NSMM under
temperature control (Fig. 6(d)) demonstrates that both bandgaps shift
toward lower frequencies as the temperature increases, exhibiting lower
onset frequencies and narrower bandwidths. At elevated temperatures,
both BG1 and BG2 experience significant narrowing. The temperature
sensitivity of the shape memory material is crucial, as it causes a marked
reduction in both bending and tensile stiffness with increasing temper-
ature. Like a spring mass oscillator model, the decrease in structural
stiffness, with the mass remaining constant, results in a lower intrinsic
frequency. Consequently, as the temperature rises, the entire bandgap
shifts to lower frequencies, while the density of higher modes increases,
further narrowing or even closing the bandgap. Additionally, due to the
inherent geometric properties of NSMM, localized vibration modes in
the beam become more pronounced at higher temperatures, enhancing
the energy confinement effect and increasing transmission in the high
frequency range. The trend of the white band, influenced by tempera-
ture, aligns with the bandgap evolution observed in Fig. 6(d). The
transmission spectrum of NSMM is provided in Fig. C4. As the temper-
ature increases, the blue bands at the same frequency deepen in color for
NSMM, indicating an enhanced elastic wave blocking capability. This is
because the shape memory material is temperature-sensitive, and the NS
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beams are made from shape memory materials whose elastic modulus
decreases significantly with rising temperature. This leads to a reduction
in the structure’s bending and tensile stiffness. Analogous to a spring-
mass oscillator model, the structural stiffness decreases while the mass
remains unchanged, resulting in a lower natural frequency. As the
temperature rises, the entire bandgap shifts toward lower frequencies,
and the density of higher modes increases, causing the bandgap to
narrow or even close. Additionally, due to the geometric characteristics
of the NSMM, local vibration modes in the beams become more pro-
nounced at high temperatures, enhancing energy confinement effects
and thereby increasing transmission loss in the high-frequency range.

A three mass block double spring system was developed to charac-
terize the variation of NSMM band gap with temperature (Fig. 6(c)). In
this model, the NS element of the SMP was represented as a spring, while
the mass block and rigid honeycomb wall was modeled as mass blocks.
This simplified mechanical system allows for the analysis of the tem-
perature induced changes in the bandgap by simulating the dynamic
interactions between the springs and mass blocks under varying thermal
conditions.

For three spring and two mass oscillator model, cell i as the char-
acteristic cell, the equation of motion of the mass block, derived from the
kinetic equilibrium relationship, is expressed as follows:

My Xai1 = f1 — Cr(Xaii1 — Xai) — kr(X2i-1 — Xa1)
MyXa; = Cp(Xoim1 — Xai) + Kk (Xaim1 — Xai) — €r(Xoi — Xis1) — ko (Xai — Xai1)
My Xaip1 = Cr(Xo — Xois1) +kr (X — Xoir1) — fr-

(€]

The system dynamics equations can be obtained by organizing,

MX + Cx + Kx = f, 2

where the displacement vector is x = [xgi,l,xzi,le-H]T, the external

force vector is f = [fz,0,fz] T
The mass matrix M, the damping matrix C, and the stiffness matrix K
are,

m 0 0 Ccr —CT 0
M=|0 my O |,C=]|—-cr 2 —cr|,K
0 0 m 0 —c¢r cr
kr —kr O
= 7kT 2kT 7kT . (3)
0 7kT kT

Consider the periodic system as a resonant problem, we have:
x = X', f = Fe". (@)

In practice, material and structural damping are often neglected in
bandgap studies, as damping is typically discussed in the context of
transmission spectrum. Bringing Eq(4) into Eq(2) and organizing it
yields,

(K- o®M)X =F. (5)

Based on the Bloch boundary conditions, the following relationship
exists between the single cell displacements and boundary forces,

Xoiv1 = Xoi_1€79%, Foiy = Fy_1e7'%%. (6)

In the above equation, k is the Bloch wave vector and a is the feature
length.

LetX = AX = 01

}, bring in Eq(5), and multiply left
e 92

— _ [10¢4 . .
byA = {0 10 }, which yields,

(K-a®M)X =0, @]
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Fig. 6. Programmable stiffness response bandgap evolution of NSMM. (a) Stiffness programming of NSMM, the stiffness of the SMP decreases sharply under high
temperature. (b) Payload strategy for vibration suppression using additional mass. (c) Spring mass system model. (d) Bandgap evolution of NSMM as a response to
programmable stiffness adjustments. (e) Transmission spectrum evolution of NSMM at different stiffness programming states, comparing experimental and simu-
lation results corresponding to temperature points of 35°C and 45°C. (f) Transmission spectrum of NSMM under a 200 g payload, showing experimental and
simulation results for vibration suppression. Both stiffness programming and applied payload can achieve vibration suppression.
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Fig. 7. NSMM Programming Effects and Their Applications. (a) Gradient structure, beam structure, and impact model of NSMM, showcasing programmable
structural configurations. (b) Transmission spectrum corresponding to alignment order, highlighting the effect of structural alignment on wave propagation. (c)
Compression programming gradient transmission spectrum, illustrating the influence of gradient compression programming on wave transmission. (d) Transmission

spectrum of the beam structure, demonstrating the wave propagation characteristics of the programmable beam configurations. (e) Impact mitigation efficiency
of NSMM.
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where, K = AKA, M = AMA.
Solving to get the eigenvalue problem,

det(K — 0°M) = 0. ®

The solution of the above equation is the corresponding bandgap
onset and cutoff frequencies. The equivalent stiffness of NSMM is dis-
cussed in Appendix D.

Fig. 6(e) demonstrates the transmission spectrum of NSMM pro-
grammed at stiffness levels corresponding to 35°C and 45°C. As the
temperature increases, the initial frequency of the damping interval
decreases, the effective damping interval narrows, and multiple damp-
ing intervals appear in the low frequency band. These changes enhance
the vibration isolation performance of the structure. The temperature
rise reduces the structural elastic modulus, decreasing the effective
stiffness of the structure and consequently lowering the intrinsic fre-
quency. Simultaneously, the increased temperature enhances the
damping properties of SMP, further improving the structural vibration
isolation capability.

The finite element analysis results align closely with the experi-
mental results, accurately capturing resonance peaks caused by the
matching of external excitation frequencies and the system natural fre-
quencies, which lead to vibration amplification. Additionally, both ap-
proaches successfully capture the damping effects of the structure and
vibration attenuation resulting from non-resonant excitations. However,
certain discrepancies between the finite element and experimental re-
sults are observed. These differences are attributed to the inaccuracies in
the 3D printing model, the temperature sensitivity of adhesives and
sensors, and defective higher frequency modes in the structure.

Fig. 6(f) shows the transmission spectrum of NSMM under a 200 g
payload. Compared to the unloaded case (Fig. 3(f)-(h)), the resonance
peaks of the system remain present with similar amplitude shapes,
which are effectively captured by the finite element analysis. However,
the amplitudes of the resonance peaks are shifted downward, causing
the frequency intervals between each resonance peak to transition from
vibration amplification to vibration attenuation. This shift opens mul-
tiple small damping intervals, with the damping intervals moving to
lower frequencies and the bandwidth narrowing. These results are
analogous to the trends observed in stiffness programming. In this work,
only the transmission changes under a 200 g payload were investigated.
It can be inferred that higher mass payloads would suppress vibrations
more effectively and block elastic wave transmission to a greater extent.

3.4. Influence of gradient variations on elastic wave evolution

The combination of metamaterials with varying wave blocking ca-
pabilities significantly influences the structural performance through
gradient variation. The NSMM was configured to investigate the effect of
metamaterial interfacial coupling on wave transmission (Fig. 7(a)).
Additionally, localized compression programming was applied to
examine the impact of impedance mismatch caused by nonuniform
deformation on elastic wave transmission. The bandgap onset fre-
quencies of the S-B NSMM, C-B NSMM, and F-B NSMM are 431 Hz, 297
Hz, and 280.6 Hz, respectively (Fig. 3(b)). As shown in Fig. 7(b), the
onset frequencies of all gradient combinations, except for the SB-FB-CB
and CB-SB-FB configurations, are around 290 Hz, which is close to the
single bandgap onset frequency of the F-B NSMM (280.6 Hz). This
suggests that the F-B NSMM has a more pronounced impact on the
gradient combinations. Configurations starting with the F-B NSMM
exhibit lower amplitude peaks and wider troughs in their transmission
spectrum, reflecting improved damping performance. The variation in
the damping onset frequency highlights the enhanced low frequency
wave modulation capabilities of the gradient combinations, with the
first NSMM in the alignment order playing a dominant role in the
interfacial coupling effect. The higher damping onset frequencies
observed in the SB-CB-FB and SB-FB-CB configurations may be
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attributed to stronger high frequency coupling between the interfaces.
By tuning the interfacial coupling effect and frequency range, different
alignment orders demonstrate diverse performance characteristics. For
engineering applications requiring optimized damping across multiple
frequency bands, gradient metamaterials can be tailored through arti-
ficial design to achieve the desired performance.

Fig. 7(c) illustrates the transmission of these metamaterials with
different width gradients within the 1000 Hz frequency range. As the
width of the NS beam increases, its rigidity also increases, resulting in
stronger suppression of vibration propagation. Consequently, the fre-
quency range of the band gap shifts to higher frequencies. Fig.7(c) shows
the transmission spectrum of the three metamaterials with varying
width gradient configurations. For the positive width gradient, the beam
with a smaller width provides a stronger NS effect and better low-
frequency vibration isolation performance in the lower frequency
range. As the wave is transmitted to the wider beam, the stiffness in-
creases, which inhibits the transmission of high-frequency vibrations,
leading to greater amplitude attenuation. In contrast, the negative width
gradient structure starts the vibration attenuation at a lower frequency
and exhibits a lower amplitude of transmission spectrum. This is because
the unit cell with a width of 2 mm has a lower band gap frequency, while
the unit cell with a width of 10 mm has a higher band gap frequency.
Thus, the first unit cell the wave passes through has a lower band gap
frequency, resulting in a lower starting frequency for wave attenuation.
When the negative gradient unit is subjected to frequencies outside the
bandgap and the excitation frequency, the excitation frequency induces
overall vibration deformation, absorbs more vibration energy, and leads
to a lower amplitude response at the receiving end. For the positive
gradient structure, the low-frequency elastic wave is blocked by the 2
mm wide unit cell, and only the first unit cell deforms and absorbs a
significant amount of vibration energy, with subsequent unit cells
consuming less energy. Consequently, the transmission curve for the
negative gradient structure moves downward. Similarly, the central
negative gradient structure also starts the effective attenuation area at a
lower frequency and exhibits a lower transmission value compared to
the overall positive gradient structure.

The transmission amplitudes of the central negative and central
positive gradient structures show that the arrangement order of the unit
cells, in addition to the width gradient, affects the elastic wave attenu-
ation amplitude.

Thickness is another critical parameter influencing the behavior of
NS beams. We explored the transmission spectrum of three meta-
materials with varying thickness gradients. The naming conventions
follow those of the width gradients, with t representing thickness. Fig. 7
(d) displays the transmission spectrum of these metamaterials within the
1000 Hz frequency range. NS beams with smaller thickness exhibit
significant NS effects but have lower rigidity and a lower band gap
starting frequency. In contrast, beams with larger thicknesses exhibit
higher rigidity, leading to similar effects in the starting frequency and
transmission curve distribution as those observed with the width
gradient.

The transmission spectrum of different compression programming
combinations as shown in Fig. 7(e). Positive and negative gradient
structures show better vibration isolation capabilities. The damping
onset frequencies for both positive and negative gradient arrangements
are similar, but the difference in transmission effects between low and
high frequency regions becomes pronounced with gradient arrange-
ments. In the low frequency region of the elastic wave attenuation in-
terval, the negative gradient arrangement demonstrates superior
blocking performance compared to the positive gradient structure.
When observing the vibration response of NSMMs at an excitation fre-
quency of 180 Hz under gradient combinations, all uniformly arranged
NSMMs in their initial state exhibit overall vibration. In contrast, in
negative gradient programmed NSMMs, only the single cell receiving
the excitation generates localized vibration. For positive gradient pro-
grammed NSMMs, only partial structural vibration displacement occurs.
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The nonlinear effects induced by the programmed structure dynamically
alter the bandgap properties. At the excitation frequency of 180 Hz,
which lies in the passband of the programmed structure, elastic waves
are not transmitted, and the structure does not vibrate.

For NSMM with negative gradient programming, at 180 Hz, the
elastic wave is initially blocked by the compressed single cell, dissi-
pating energy and confining the vibration to the local cell. Conversely,
for NSMM with positive gradient programming, the elastic wave first
passes through the single cell in its initial state, causing localized vi-
bration, before being blocked by the programmed single cell, resulting in
partial structural vibration displacement. Localized deformation of
NSMM after programming causes an inhomogeneous impedance distri-
bution within the metamaterial, significantly influencing the elastic
wave’s propagation path and energy dissipation. This effect is further
amplified by the gradient arrangement, as elastic waves in different
frequency bands exhibit distinct blocking characteristics within the
structure. This dynamic modulation capability is crucial for bandwidth
adaptive designs in engineering applications.

Metamaterial beams are extensively utilized for vibration control in
applications such as vibration isolation platforms, mechanical pedestals,
and precision instruments. In this work, the three proposed meta-
material structures were fabricated into beam configurations to
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investigate their elastic wave blocking capabilities across different fre-
quency ranges. The Gradient Beam Structure refers to a sequential
arrangement of oscillators in the order of S-B NSMM, C-B NSMM, and F-
B NSMM (Fig. 7(a)). The elastic wave blocking characteristics of the
beam structure feature an omnidirectional passband and forbidden band
distribution, as depicted in Fig. 7(f). The NSMM beam structure exhibits
two effective damping zones below an excitation frequency of 100 Hz
and multiple effective damping zones extending up to 1000 Hz, where
elastic waves are significantly attenuated within these zones. Among the
structures, the F-B NSMM Beam Structure has the widest damping zone
in the 700-1000 Hz range, demonstrating superior omnidirectional vi-
bration isolation capabilities. In contrast, the Gradient Beam Structure
leverages the advantages of all three metamaterial types, effectively
combining their properties within the frequency range of 400 Hz. The
distribution of damping zones in this structure is relatively uniform. At
higher frequencies, the wide damping zone splits into several smaller
damping zones, enabling the Gradient Beam Structure to maintain
strong vibration isolation capabilities while also offering excellent load
bearing capacity. The nonlinear properties of the beam material influ-
ence the transmission spectrum, further impacting the vibration isola-
tion performance. Through topology optimization, a more efficient
Gradient Beam Structure can be designed to enhance the bandgap range

Fig. 8. NSMM strategies and applications. (a) Mechanical pixel based NSMM programming strategies for Temporary state A with modular programming control and
Temporary state B with contact and separation programming, the programming state is controlled by the SMP. (b) NSMM application prospects for automotive

cockpits and large space science on-orbit devices for pods and capture mechanisms.
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and improve vibration isolation effects, providing promising advance-
ments for engineering applications.

The impact response of MM is also an important aspect to investigate,
particularly in evaluating their vibration suppression capabilities under
nonperiodic excitation (Fig. 7(a)). This capability is quantified using the
mitigation efficiency 7 (@in-max is the maximum value of the input
response, and oy may is the maximum value of the output response, n =

((@in—max — Qout—max) /@in—max)-100%, # is the mitigation efficiency.). The

mitigation efficiency of NSMM under a 0.4m/s velocity impact is shown
in Fig. 7(g), where all NSMM configurations demonstrate impact
attenuation capabilities. Among them, the S-B NSMM exhibits weaker
impact energy mitigation but is more effective in transmitting impact
force. This makes it suitable for applications requiring higher stiffness
and lower energy dissipation. On the other hand, the F-B NSMM dem-
onstrates superior impact attenuation, making it better suited for ap-
plications such as impact protection, vibration damping, and energy
absorption.

3.5. NSMM with mechanical pixels

The mechanical pixel for designing metamaterial structures provides
a versatile method to modulate their macroscopic mechanical properties
by altering the configuration and arrangement of the mechanical units.
This design freedom enhances the versatility, modularity, and repair-
ability of the structures, allowing for tailored performance across a
range of applications. Programmable bandgap NSMM, utilizing me-
chanical pixels, offer significant advantages in modulating the frequency
response of materials and designing structures with specific frequency
bands or vibration control effects (Fig. 8(a)).

The mechanical pixels are designed to be modular and programma-
ble, with the help of shape memory materials. These materials allow the
configuration of NSMM’s single cells to switch to a temporary shape
(Shape A) to achieve desired load distribution and vibration shielding
under varying operating conditions. Stiffness programming through
shape memory can reduce the initial frequency of the damping operating
interval significantly, from 431 Hz to 18 Hz, effectively enabling almost
full band vibration isolation. Another significant strategy involves uti-
lizing NSMM as a connecting component in systems subjected to
extreme vibration loads. In these cases, NSMM switches to Temporary
Shape B by enabling contact and contact separation. This decoupling
concept allows NSMM to act as an independent modular vibration sys-
tem, unloading strong vibration loads and protecting precision compo-
nents from damage. The contact design serves both as a load distribution
mechanism and as an absorber of weak vibration load energy, effectively
shielding sensitive systems from excessive vibrations while maintaining
operational integrity.

The proposed NSMM design holds promise for a wide range of ap-
plications, particularly in fields requiring robust vibration damping and
isolation (Fig. 8(b)):

a) Automotive Industry: The mechanical pixel based NSMM can be in-
tegrated into automotive systems, such as between the chassis and
the seat, to mitigate vibration disturbances. This would significantly
enhance passenger comfort by isolating them from road induced
vibrations, while also contributing to the safety and stability of the
vehicle.

Space and Aerospace Sciences: The NSMM has applications in large
scale installations in space, such as the vibration isolation compo-
nents in on-orbit devices. The large pore size ratio of NSMM allows it
to be used for creating on-orbit device cabins, where vibration
isolation is critical for protecting both personnel and sensitive
equipment from vibration induced damage. The modular nature of
NSMM also allows for effective vibration energy absorption from
contact and separation events during the operation of different
compartments of on-orbit devices, ensuring the smooth operation of
the system.

b

~
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Furthermore, NSMM can be used to isolate vibrations transmitted by
capture mechanisms in space science, protecting vibration sensitive
equipment and ensuring the integrity of on-orbit devices during their
capture and deployment.

4. Conclusion

In this work, based on thermally programmable shape memory
polymer NS units and honeycomb oscillators made from non-thermo
responsive materials, three types of NSMM with different NS units and
dispersion characteristics are designed and fabricated, further exploring
the performance of NSMM. Firstly, the dispersion characteristics and
frequency response curves of the three metamaterials are evaluated
through experiments and finite element simulations, revealing the vi-
bration isolation capabilities and vibration contributions of the NS units.
By combining shape memory materials with metamaterials, two
reversible programming bandgap methods, shape programming and
stiffness programming are proposed, and compared with external
loading. To better achieve elastic wave control, the NSMM combinations
with different gradient forms are evaluated. Finally, a lattice control
strategy based on mechanical pixels is proposed. The following con-
clusions are drawn:

The NS unit determines the intensity and range of the NS response,
and its configuration directly affects the overall equivalent stiffness of
the metamaterial, thereby altering its dispersion relation and bandgap
characteristics.

The S-B NSMM shows better load-bearing and energy absorption
capabilities, while the F-B NSMM has stronger geometric nonlinearity
and better vibration isolation ability. The evolution of the bandgap and
transmission under different widths and thicknesses of the NS elements
follows the same trend.

Based on the shape programmable characteristics of shape memory
polymers, two methods, compression programming and torsion pro-
gramming are proposed. The geometric nonlinearity induced by the
programming state, along with the reduction in effective stiffness and
stress variations within the structure, leads to dramatic evolution of the
bandgap, helping to open low frequency bandgaps and widen the
bandwidth. Based on the stiffness programming characteristics of shape
memory polymers, an NSMM stiffness programming method is pro-
posed, where increasing temperature causes a nonlinear decrease in the
bandgap, achieving effective vibration isolation from 0-1000 Hz.
Boundary conditions with effective loads are also verified to effectively
suppress vibration transmission.

The elastic wave suppression capabilities of NSMM combinations
with different gradients are also studied. The starting frequency of the
effective vibration reduction range for different gradient combinations
is determined by the unit cell with the lowest starting frequency of the
bandgap for that combination, and it is close to the lower frequency limit
of the bandgap. Different combination sequences only affect the value of
the transmission curve. Elastic waves at specific excitation frequencies
are blocked within the unit cell of a specific bandgap and cannot cause
displacement responses in subsequent unit cells.

A lattice control strategy based on mechanical pixels is proposed. The
mutual transformation between NS elements and the two programming
schemes offer customized solutions for different force and vibration
needs, providing valuable references for the development of meta-
materials that can meet specific functional requirements. Therefore, this
study provides a reliable guide for applying programmable NSMM to
space-based on-orbit devices and the automotive industry.
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Appendix A. Demonstration of shape memory in NS beams and the experimental setup of NSMM

We use a simple demonstration (Fig. Al) to illustrate the shape memory mechanism. By subjecting the three types of NS beams to thermal pro-
gramming, temporary shapes are obtained and converted into another beam form, with all three types of beams being interchangeable. Finally, under
a second thermal stimulus, the beams recover to their permanent shapes, completing one memory cycle.

Fig. Al. Shape memory programming for NS elements. The NS element is shaped in the rubbery state, retains the temporary shape in the glassy state, and recovers
the permanent shape upon reheating.

Fig. A2. NSMM assembly process and experimental setup. (a) NSMM assembly process. NSMM consists of NS elements, honeycomb structure, and a mass block. (b)
NSMM shape memory stiffness programmed vibration testing. The test places the NSMM inside a temperature-controlled chamber to regulate the stiffness of the SMP
by adjusting the temperature. Vibration signals are input at the bottom of the NSMM and output at the top. (¢) NSMM payload vibration testing. The applied payload
is realized by attaching a 200g weight on top of the NSMM.

The components of the NSMM were fabricated and assembled using 3D printing to obtain our test specimen (Fig. A2(a)). The NS elements were
made of white PLA-SMP material, while the rigid honeycomb and resonator were made of black ABS material. The specimen was connected to a
vibration excitation system and placed inside a temperature-controlled chamber to investigate the vibration response of the NSMM at different
temperatures. One end of the specimen was connected to the excitation system, while a 200g weight was fixed to the other end to study the vibration
response of the NSMM under mass suppression. Fig. A2(b) and (c) show more experimental details.

Fig. A3 presents a simple demonstration of the shape memory process of the NSMM. The NSMM is programmed under a thermal environment to
obtain a temporary shape and returns to its permanent shape upon subsequent thermal activation.
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Fig. A3. Shape memory programming for NSMM. F-B NSMM is programmed by the shape in the thermal state, and the permanent shape can be restored by
heating again.

Appendix B. Bandgap and vibrational modes of NSMM

Fig. B1 shows the dispersion curves and vibration modes of the C-B NSMM and F-B NSMM. The F-B NSMM has a lower starting bandgap and a wider
bandwidth within the 0-3000Hz range. The vibration modes of the two NSMMs are similar, with the first mode (B1 and C1) and the sixth mode (B6 and
C6) exhibiting overall deformation. Other modes only show displacement generated by the negative stiffness elements, while the second mode (B2 and
C2) is a torsional effect.

Fig. B1. Metamaterial band gap and vibrational modes. (a) Energy band transfer curves and vibrational modes for C-B NSMM. (b) Energy band transfer curves
and vibrational modes for F-B NSMM. The modes corresponding to the starting frequencies (B1, C1) and cutoff frequencies (B6, C6) are global modes, while the
deformation of the other modes is concentrated in the negative stiffness elements. The F-B NSMM exhibits a lower starting frequency and a wider bandgap.
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Appendix C. Bandgap evolution and transmission spectrum in shape memory programming of NSMM

The deformation process is divided into three stages: Stage 1 (positive stiffness, elastic deformation), Stage 2 (NS, elastic destabilization defor-
mation), and Stage 3 (positive stiffness, plastic deformation in the dense stage). The compression mechanics curves of the S-B NSMM show that the
peak values gradually increase with the width and thickness of the ligaments, enhancing the NS characteristics and energy absorption capacity.
Specifically, the width change does not affect the zero potential energy point. The initial stiffness of the C-B NSMM is lower than that of the S-B NSMM,
but the NS stage starts earlier, suggesting that the geometric design of the cosine beams is more prone to destabilization. The initial stiffness of the F-B
NSMM is the lowest, indicating that the folded beams are more susceptible to bending deformation.

Fig. C1. NSMM quasi-static compression. Mechanical properties of (a) S-B NSMM, (b) C-B NSMM and (c) F-B NSMM at different widths. Mechanical properties of
(d) S-B NSMM, (e) C-B NSMM and (f) F-B NSMM at different thicknesses.

To investigate the evolution of band gaps in NSMMs under shape programming, displacement was applied to both ends of the NSMM at 70 °C, and
the bandgap evolution under different compressed configurations was studied at 25 °C. Taking the S-B NSMM as an example, Fig. C2 shows its band
gap distribution and vibration displacement under different compression programming states. It can be seen that deformation significantly affects the
frequency range and bandwidth of the band gaps. This is due to geometric nonlinear changes induced by compression, resulting in reduced effective
stiffness and changes in internal stress within the structure. Multiple branches form at low frequencies, effectively opening low-frequency bandgaps,
and with increasing deformation, the band gap evolution becomes pronounced. At the same time, the high-frequency branches gradually flatten,
indicating that the group velocity is nearly zero. Observing the vibrational diagrams under different programming states, the excitation frequency of
250Hz is within the pass band of the initial state, allowing elastic waves to pass through the S-B NSMM completely and resulting in an overall vibration
displacement, manifesting as vibration amplification. However, for the compressed programming state, 250Hz falls within the bandgap, so the elastic
wave is attenuated within the first unit cell and cannot induce an overall displacement.
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Fig. C2. S-B NSMM compression programming bandgap. (a) Vibrational diagrams. The excitation frequency is outside the bandgap, it induces global deformation
displacement of the S-B NSMM. The excitation frequency is within the bandgap, it only causes unit cell deformation. Bandgap and transmission spectrum of (b) Initial
state, (¢) 5 mm, (d) 10 mm, (e) 15 mm, and (g) 20 mm. Geometric nonlinearity and internal structural stress under compression programming cause significant
bandgap evolution, including bandgap downshift, bandwidth widening, emergence of new bandgaps, and high frequency branch flattening.

The evolution of band gaps in the torsional state of the NSMM was also investigated using the same method. Fig. C3 shows the bandgap distribution
and vibration displacement under different torsional programming states. It can be seen that torsional deformation also has a significant effect on the
frequency range and bandwidth of the band gaps. Multiple branches form at low frequencies, effectively opening low-frequency band gaps, and with
increasing deformation, the band gap evolution becomes pronounced. Observing the vibrational diagrams under different programming states, the
excitation frequency of 180Hz is located in the pass band of the initial structure and in the bandgap of the programmed state, causing similar vibration
displacements. However, the vibration displacement caused by torsion only exists in the NS elements and the resonators.
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Fig. C3. S-B NSMM torsion programming bandgap and transmission evolution. Bandgap and transmission spectrum of (a) Initial state, (b) Torsion angle of 5°,
(c) Torsion angle of 10°, (d) Torsion angle of 15°, (e) Torsion angle of 20°, (f) Torsion angle of 25°, and (g) Torsion angle of 30°. (h) Vibrational diagrams. Geometric
nonlinearity, internal structural stress, and symmetry breaking under torsion programming lead to significant bandgap evolution, including bandgap downshift,
bandwidth expansion, emergence of new bandgaps, and high frequency branch flattening.

Fig. C4 presents the transmission spectrum colormap of the NSMM under different temperature conditions. The evolution of the transmission
spectrum shows a white band-like variation trend, which corresponds to the bandgap changes under this condition.

Fig. C4. Evolution of NSMM stiffness programming transmission spectrum. (a) S-B NSMM, (b) C-B NSMM, and (c) F-B NSMM transmission spectrum under
stiffness programming, 25 °C to 75°C. Under stiffness programming, the stiffness of PLA-SMP decreases with increasing temperature, leading to a reduction in
bandgap nonlinearity. Correspondingly, the attenuation region in the transmission spectrum shows a nonlinear decrease.
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Appendix D. Bandgap evolution in shape memory programming of NSMM

The flexibility of NSMM is changed in the programmed state, and the nonlinear control equation of the NS beam is a typical margin problem. It can
be solved in segments based on Euler Bernoulli beam theory. The NS elements of the three metamaterials in this study determine the stiffness of the
structure, and the spring stiffness of the NSMM is solved, taking the slanted beam as an example. The basic elements of deformation and the
deformation mode are shown in Fig. D1.

Fig. D1. Slanted beam model. (a) Basic deformation unit. (b) Force analysis. (c) Equivalent model. Calculate the equivalent stiffness of the deformed S-B NSMM.

The equilibrium equation for equivalent model can be expressed as:

d
EIE‘X = M; + Rv,cosff — Ruusing, (D.1)

where uy and v, are the horizontal and vertical coordinates of point A, EI is the bending stiffness, p is the horizontal angle of the force, a is the
horizontal angle of A, and s is the line coordinate.

According to the geometric relationship, we have cosa = duy/ds,sina = dva/ds, substituting into Eq(D.1) and taking the derivative for the line
coordinatess,

2

EI Zs—z = Rsinacosf — Rcosasing. (D.2)
Integrate Eq(D.2) to the angle o, we have,

EI (da\?

E(i) = —Rcosacosf — Rsinasing + C, (D.3)

C is a constant, which can be collapsed to give,

VEI

— a (D.4)
\/—2R.cos(a — f) +2C
Conducting Eq(D.4) to integrate over the beam, L = fé ds
The coordinates of the point Pare,
0 Elsi
wp = / sinads = f vElsina o + vEIsina da, (D.5)
0 —2Rcos(a — f) + 2C am \/ —2Rcos(a — ) + 2C
0 EIL
= / cosads = /« vElcosa vElcosa da, (D.6)
0 v/—2Rcos(a — ) + 2C am \/ —2Rcos(a — ) + 2C
o, is the maximum horizontal angle on the beam. Define the constant k and the variable ¢,
C=R(2k*-1)
g _ (D.7)
cos </ 3 a) = ksing.

Substituting k and ¢ into L, we have:

2
S = & /’ (D.8)

1 — k2sin® (/;
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@1 and @ are determined by the flexural modes of the beam, n is the flexural mode, and only the first two orders of modes are considered in this study.
When n is 1, 92 = nt — @1; when n is 2, g2 = nn + @s.
To simplify the computation introduce the incomplete elliptic integrals G(k, ¢p)and H(k, ¢), defined as follows:

" ds
G(k = e E
o) /0 1 — k2sin®s

(D.9)
H(k,¢) = /w V1 — k3sin®5ds.
0
Then Eq(D.5) and Eq(D.6) are rewritten as:
1 .
% =R {sinp[2H(k, p,) — 2H(k, ;) — G(k, @5) + G(k, ;)] + 2kcosp(cosp, — cosgp,)}, (D.10)
L
A 1 .
fb = _\/_ﬂ— {cosp2H(k, ¢,) — 2H(k, 1) — G(k, @) + G(k, ¢, )] + 2ksinfi(cosp, — cosp; )}, (D.11)
L
which \/i; = G(k, ;) — G(k,9,).
Considering the Poisson effect, the axial strain of the inclined beam,
__ Rcos(ff —a)
b= (D.12)

EA is the axial compressive stiffness of the inclined beam, the projection of Eq(D.12), and the integration of the line coordinates s to obtain the
displacement at the point P’ of the flexural beam after axial loading,

(%“ = %/ esinads = M/w 7'-%05 a — p)sina do, (D.13)
0 ” 1 — k2sin? )
P2
%: %/ ecosads = ‘/—/ r’eos(a — f)cosa — " dy. (D.14)
0 1 — k2sin’¢p

In the above equation, A is the aspect ratio, defined as 12 = AL?/I.
Superimpose the bending moment and axial force effects to obtain the total vertical and horizontal displacements of P,

0 = wp + g, (D.15)

A=A+ 4q. (D.16)
For the given displacement deformations  and A, the corresponding k and ¢ can be deduced from the force relationship as follows:

F, = 2Rsin(f — a). (D.17)
According to the geometric relation we have:

(L —2)* + w2. (D.18)

Eq(D.8), Eq(D.15), Eq(D.16) are established by solving for k and p given the deterministic displacements.
Therefore, the stiffness of the structure k1(z) can be expressed as:

kr(z) = dF(z)/dz. (D.19)

For stiffness programming, the corresponding structural stiffness can be solved by solving the modulus of elasticity under the influence of tem-
perature. For compression shape programming, the structural stiffness can be solved with the help of Eq(D.19).
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