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Adaptive Energy Dissipator with Compression-to-Tension

Design

Haitao Ye, Chong Li, Shouyi Yu, Honggeng Li, Yiling Lian, Xiangnan He, Juzheng Chen,
Xingjian Huang, Liuchao Jin, Jianxiang Cheng, Rong Wang, Lixi Huang, Biao Zhang,

Xu Song, Yang Lu,* and Qi Ge*

Energy-dissipating materials are vital for daily life and engineering
applications. Among all the energy-dissipating materials, the polymer-based
ones are reusable and loading rate-dependent, but suffer from two limitations:
i) they cannot synchronously achieve high loss factor and high modulus;

ii) their stretch-induced high energy dissipation capability cannot be fully
used in compression-dominated applications. To address them, a
high-energy-dissipating (HED) polymer is reported with two types of dynamic
physical crosslinks (hydrogen bonds and dynamic coordination bonds) to
obtain a high loss factor (tané up to 2), modulus (110.5 MPa), and dissipated
energy density (26.8 ] cm~3). To fully liberate its stretch-dominated dissipation
under compression, HED-based compression-to-tension (C2T) structures are
designed that convert compression into tension on the HED strips.
Multimaterial 3D printing is utilized to fabricate such C2T structures whose
energy dissipation capability is tunable and ~100 times higher than that of
HED-based octet lattices. Furthermore, the C2T structures are used to
develop artificial intervertebral discs and low-frequency vibration isolators to
demonstrate their adaptive capability of dissipating impact and vibration
energies in bio-implants and precision instruments. The proposed HED
polymers and their C2T structures offer a new way to design and develop
high-performance energy-dissipating metadevices.

1. Introduction

Energy-dissipating materials are widely
used in daily life and engineering ap-
plications for impact protection!?] and
vibration isolation.?*] Traditional energy-
dissipating materials include metals,>°]
foams,!”#! fiber-reinforced composites,*1]
and others,[""2] which dissipate mechani-
cal energy mainly through inelastic mech-
anisms (e.g., plastic deformation, frac-
ture, or fragmentation).l'*15] However, they
can only be used once, since the materi-
als are permanently damaged during the
energy dissipation process. Recently, re-
searchers have reported architected ma-
terials that trap energy through elastic
buckling.[1%18] Although these structures
are reusable, their energy dissipation ca-
pability is fixed and independent of load-
ing rates due to the elastic buckling mech-
anisms. Thus, the development of mate-
rials that are both reusable and exhibit
rate-dependent enhancement in energy dis-
sipation remains a significant challenge.
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A promising pathway toward this goal involves polymer-based
systems, which are inherently viscoelastic and rate-sensitive. In
recent years, various such materials have been developed, in-
cluding amorphous polymers with viscoelasticity,['>2° polymer-
fluid gels (PFG) with viscous polymer fluid infused in elas-
tic networks,[723] shear-thickening fluids (STF) relying on
weak dynamic crosslinks,[?*26 and liquid crystal elastomers
(LCE) with reconfigurable mesogen domains.['#?-21 Although
these energy-dissipating materials are reusable and loading rate-
dependent, they still face two limitations. i) They cannot syn-
chronously achieve a high loss factor (tané > 1) and high modu-
lus (>20 MPa) (Table S1, Supporting Information). For instance,
the previously reported PFG and STF have high loss factors (tané
>1) but low modulus (below 20 MPa),[19-20-222426] making them
incompetent to dissipate high impact energy. ii) High stretch-
ability of the above materials makes them capable of dissipat-
ing much more energy under tension than under compression.
However, in most practical applications, the energy-dissipating
materials are under compression, which suppresses the tension-
induced high energy dissipation capability of these materials.

To overcome these limitations, researchers have begun to ex-
plore the use of 3D printing to structuralize these polymer-based
materials,[2$3%31] creating architected metamaterials (i.e., lattice
and auxetic metamaterials(323%)) that leverage geometric design to
achieve superior performance. Among various architected types,
stretch-dominated structures3**! are particularly promising, as
they dissipate energy primarily through the efficient axial tension
or compression of their members, leading to high specific energy
absorption. In contrast, bending-dominated structures**%¢! rely
on a less efficient bending mechanism at the nodes or ligaments,
which often results in stress concentration and underutilization
of the material’s intrinsic strength.?!) However, most existing
stretch-dominated structures are fabricated from single materi-
als, which inherently cannot combine high modulus with large
deformability. Consequently, these structures still undergo inef-
ficient global buckling or strut bending beyond certain strain lev-
els, limiting their energy dissipation. Recently, several attempts
have employed multimaterial 3D printing to create systems such
as compression-to-tension transformed origami structures, /11371
which combine rigid materials with elastomers. By converting
global compressive loads into localized tensile deformation of
the elastomers, these designs achieve repeatable load-bearing.
Nonetheless, the energy absorption capacity of such configura-
tions remains limited by the intrinsically low energy dissipation
and finite deformation range of the elastomeric components.

Here, we develop high-energy-dissipating (HED) polymers
that have a high loss factor (tané up to 2.0), high modulus (up to
110.5 MPa), high stretchability (up to 1470.7%), as well as high
dissipated energy density (up to 26.8 ] cm™3). We attribute such
extraordinary energy dissipation capability of the HED polymer
to two types of dynamic physical crosslinks resulting from hydro-
gen bonds and dynamic coordination bonds, which are validated
experimentally and theoretically. To fully liberate tension result-
ing in high energy dissipation of the HED polymers, we design
HED-based compression-to-tension (C2T) structures, which con-
vert compression on them to tension on the HED strips. We uti-
lize digital light processing (DLP)-based multimaterial 3D print-
ing to fabricate such C2T structures whose energy dissipation
capability is adaptive by tuning the geometric parameters, and
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is ~100 times higher than that of octet structures made of pure
HED polymer. Furthermore, we use the C2T structures to form
artificial intervertebral discs and low-frequency vibration isola-
tors to demonstrate their adaptive capability of dissipating impact
and vibration energies. Therefore, the proposed HED polymers
and their C2T structures pave an efficient way to design and fabri-
cate energy-dissipating metadevices with high energy-dissipation
capability and adaptivity for various applications, including elec-
tronics, bio-implants, precision instruments, and others.

2. Results and Discussion

2.1. Chemicals and Characterizations for HED Polymers

Figure 1a presents the chemicals used to prepare the
HED polymer precursor solution that consists of four
mono-acrylate monomers: 12.5 wt.% acrylic acid (AAc),
12.5 wt.% N-(2-Hydroxyethyl) acrylamide (HEAA), 75 wt.%
4-hydroxybutylacrylate (HBA), as well as 0.75 wt.% zinc acrylate
(ZA) of the total weight of monomers. In addition, we add
2 wt.% 2,4,6-trimethylbenzoyl diphenylphosphine oxide (TPO)
of the total weight of monomers as a photoinitiator. Details for
the chemicals can be found in the Experimental Section. As
illustrated in Figure 1b—d, UV irradiation triggers photopolymer-
ization that converts liquid precursor solution (Figure 1b) into
solid material (Figure 1c) where the high-molecular-weight lin-
ear chains with a wide range distribution (M,, = 42 179 g mol™?,
PDI = 2.503 in Figure S1, Supporting Information) and are
physically crosslinked by two types of dynamic physical bonds
(llustrated in Figure 1d and experimentally confirmed in Figure
S2, Supporting Information): i) hydrogen bonds between the
hydrogen atoms from amine or hydroxyl groups and the oxygen
atoms from the carboxyl groups; ii) dynamic coordination bonds
between zinc ions and the oxygen atoms from carboxyl groups.
The presence of these bonds was experimentally confirmed
by Fourier transform infrared (FTIR) spectroscopy (Figure S2,
Supporting Information). Specifically, the broad O—H stretch-
ing band at 3345 cm™' indicated hydrogen bonding, while
the downshift of the asymmetric —(COO)— vibration to lower
wavenumbers in the HED polymer confirmed coordination
between carboxylate groups and Zn** ions. This unique network
structure endows the HED polymer with exceptional mechanical
properties such as high stretchability, high strain-rate depen-
dent mechanical response, and high loss factor, even in humid
environments (Figure S3, Supporting Information).

Figure le shows the quasi-static extension tests that compare
the stress-strain behaviors between the commercial elastomers
with chemical crosslinks (i.e., PDMS and VHB, details can be
seen in the Experimental Section) and the HED polymers with dy-
namic physical bonds. For the commercial elastomers, Young’s
modulus and stretchability become contradictory properties as
the increase in crosslinking density leads to the rise in Young’s
modulus, but inevitably sacrifices the stretchability. In contrast,
the HED polymers can be stretched by ~15 times and also have
a moderate modulus (8.6 MPa). Detailed Young’s modulus and
stretchability of the tested materials are summarized in Table S2
(Supporting Information). We attribute this superior mechanical
property of the HED polymers to the long linear chains formed
by the mono-acrylate functional groups and the existence of
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dynamic physical bonds. It should be noted that compared with
the HED polymer only having hydrogen bonds (HED without
ZA in Figure 1le), the introduction of dynamic coordinate bonds
(adding only 0.75 wt.% zinc acrylate) significantly enhances the
HED polymer in both stretchability (from 1022.5% to 1470.7%)
and Young’s modulus (2.9 to 8.6 MPa).

Moreover, as shown in Figure 1f and Figure S4 (Supporting In-
formation), the stress—strain behavior of the HED polymers ex-
hibits extremely high strain-rate dependence. The Young’s mod-
ulus of a HED polymer escalates by 63 times from 1.75 to
110.5 MPa (for HED without ZA: from 1.1 to 38.3 MPa), when the
strain rate increases from 0.001 to 10 s7!. In contrast, under the
same variation range of strain rates, the modulus of the commer-
cial elastomers increases slightly (PDMS: from 1.78 to 1.98 MPa;
VHB: from 0.35 to 3.3 MPa). Details on Young’s modulus varia-
tions under different strain rates can be found in Table S3 (Sup-
porting Information). This extreme rate-sensitivity is characteris-
tic of a broad relaxation spectrum, arising from the wide molec-
ular weight distribution and, more critically, the dynamic phys-
ical bonds. Under high strain rates, these bonds act as locked
crosslinks, raising the modulus, while at low rates, their dissoci-
ation and reorganization enable energy dissipation and flow. To
validate this hypothesis, we conducted frequency sweep tests on
the above materials to establish the relation between storage/loss
modulus (storage modulus: E’, loss modulus: E’’) and sweep fre-
quency f (0.1-50 Hz). Details on the frequency sweep tests are
provided in Materials and Methods. The frequency-dependent
storage/loss modulus can be described by the Maxwell model
(Text S5 and Figure S5, Supporting Information):

® 2.2
’ T 1"
E _/_oo Ho) gt ne). B

= /m H(z) #d(lm) (1)

where H(r) is the relaxation time spectrum at relaxation time
7, and w is angular frequency (w = 2xf). By using Equation (1)
to fit the E'-f curves in Figure S6 (Supporting Information),
we obtain the relaxation time spectrum-relaxation time curves
(Figure 1g) for the HED polymers, VHB, and PDMS, respectively.
In Figure 1g, for all four materials, the relaxation time spectrum
H(r) drastically drops as the relaxation time 7 extends. However,
compared with other materials, the HED polymer has a higher
H(r) that decreases from 64 to 0.95 MPa with a steeper logarith-
mic slope (A =logH/logz). The higher H(r) of the HED polymer
might result from its higher modular weight and more dynamic
physical bonds (compared with HED without ZA) that form more
physical crosslinks.[*33] The wider molecular weight distribution
of the HED polymer (Figure S1, Supporting Information) leads
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to a steeper A so that the modulus of the HED polymer varies
drastically over a wider strain-rate range.[*(]

Besides the highly strain-rate dependent mechanical response,
the HED polymer also exhibits excellent capability of energy
dissipation. As shown in Figure 1h, we employ the time-
temperature superposition principle (Text S6, Supporting Infor-
mation) to investigate the variations of E'and E’’ of the HED poly-
mer over a wider range of frequency (0.001-1000 Hz). Remark-
ably, in the frequency range from 0.02 to 83 Hz, the loss modulus
E" is even higher than the storage modulus E’, which leads to a
high loss factor (tan 6 = E’’/E’) over the whole frequency range
(Figure 1i). Remarkably, tané is greater than 1 (up to 2) when fis
from 0.02 to 83 Hz; even at a wider frequency range (from 0.002
to 1000 Hz), tané is always >0.5. The high loss factor makes the
HED polymer become an ideal material for energy dissipation.
Figure 1j presents tans-modulus relations for the previously re-
ported energy-dissipating materials. Details can be seen in Table
S4 (Supporting Information). In general, high loss factor and
high modulus are conflicting properties. For example, elastomers
have high tané (>1) but low modulus (<5 MPa), while metals or
metallic structures have high modulus (>1 GPa) but low tans
(<0.1).*1421 The high strain-rate-dependent modulus and high
loss factor allow the HED polymer to manage the two conflict-
ing properties, making it have a higher modulus while maintain-
ing high tané compared with traditional energy-dissipating elas-
tomers. To further demonstrate the excellent energy dissipation
capability of the HED polymer, we conducted drop weight im-
pact tests. As illustrated in Figure 1k, a 300 g weight drops from
1 m above the glass plate, which is coated with white color and
covered with the HED polymer thin films (thickness: 1 mm). In
Figure 1l and Movie S1 (Supporting Information), the glass plate
protected by the HED polymer remained intact after impact. In
contrast, the glass plate without film (control) was smashed into
pieces, and the glass plate covered with the VHB film was broken
by the impact.

2.2. Compressive Energy-Dissipating Structure via
Compression-to-Tension Design

The exceptional mechanical properties (high stretchability, high
strain-rate-dependent modulus, and high loss factor) allow the
HED polymer to dissipate a large amount of energy when it is
under a tensile loading-unloading cycle. Figures 2a and S7 (Sup-
porting Information) present tensile loading-unloading cycles of
the HED, HED without ZA, and VHB polymers under differ-
ent strain rates (from 1073 to 10 s7!). Details on the experiments
can be seen in Materials and Methods. As shown in Figure 2a,
as both Young’s modulus and strength of the HED polymer
are highly strain-rate dependent (Table S3, Supporting Informa-
tion), the hysteresis loop drastically expands when the strain rate

Figure 1. Chemicals and Characterizations of HED Polymers. a) Chemicals used to prepare the HED polymer precursor. b-d), Photopolymerization
process that converts the liquid precursor solution of HED polymer (b) into a solid polymer network (c), which has two types of physical crosslinks
(d). e) Comparison of the quasi-static tensile stress-strain curves between HED polymers and commercial elastomers. f) Comparison of the strain-rate-
dependent Young’s modulus between HED polymers and commercial elastomers. g) Comparison of the relaxation time spectrum (H(r)) between HED
polymers and commercial elastomers. h) Variation of storage modulus (E’) and loss modulus (E'’) over loading frequency from 0.001 to 1000 Hz. i)
Loss factor (tand) over loading frequency from 0.001 to 1000 Hz. j) Performance chart comparing the tans-modulus relation between the HED polymer
and previously reported energy-dissipating materials. k) Schematic illustration of drop-weight impact test. i) High-speed snapshots of the glass plates
before and after impact. Scale bar: 10 mm.
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increases. Figure 2b plots the variations of dissipated energy
density (Uy,) of the three polymers under different strain
rates. Here, the dissipated energy density can be calculated
as Uy, = U - U,,, where U and U,, are the total input
strain energy density and the released elastic energy density
(Text S8 and Figure S8, Supporting Information). For the HED
polymer, the dissipated energy density escalates significantly
when the strain rate increases (detailed data can be found in
Table S5, Supporting Information), and remarkably reaches 26.8
] ecm™ when the strain rate reaches 10 s~!, which is higher
than that of HED without ZA (11.0 J cm™) and VHB (1.6
] cm~3). The energy dissipation capability of the HED poly-
mer is much higher than that of previously reported PFG (0.1
] cm™3),[1%1 LCE (0.55 ] cm™3),?®) and STF (1.8 ] cm™3).120]
Moreover, the dissipated energy density of the HED polymer
is highly dependent on the applied maximum strain (g,,.,).
As shown in Figure 2c, when the HED polymer is stretched
under a strain rate of 0.1 s7!, the dissipated energy den-
sity elevates from 0.88 to 5.61 ] cm™ as ¢, increases from
300% to 1200% (Figure S9a, Supporting Information), indicat-
ing that more energy can be dissipated when the HED poly-
mer is stretched more. In contrast, the energy dissipation ca-
pability is significantly suppressed under compression as it
only reaches 0.60 ] cm~3 when the HED polymer is com-
pressed by 80% (Figure S9b, Supporting Information). From
Figure 2¢, we conclude that the HED polymer exhibits unsym-
metric energy dissipation capability under tension and com-
pression. Due to the high stretchability, the maximum dissi-
pated energy under tension can be about ten times that under
compression.

However, in the majority of practical applications, energy-
dissipating materials are subjected to compression to dissi-
pate adverse mechanical energies resulting from impact, vi-
bration or other sources.2*?#] To fully liberate the tension-
resulted high energy dissipation of the HED polymer for prac-
tical applications, we design a compression-to-tension (C2T)
structure (Figure 2d) which comprises three components: two
rigid polymer frames (“I” shape top frame and “U” shape bot-
tom frame) and a HED polymer strip. When under compres-
sion, the top “T” frame is pushed downward resulting in a
large stretch on the HED polymer strip and converting verti-
cal compression (push) to tension (pull) on the HED polymer
strip. Moreover, since the HED polymer is highly photocurable
with low viscosity (Figure S10, Supporting Information), we can
use a commercial multimaterial DLP 3D printer (Figure 2e)
to fabricate the C2T structure (Figure 2f), and show good ad-
hesion between the HED polymer and the rigid polymer af-
ter multiple cycles of loading (Figure S11, Supporting Informa-
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tion). Details on 3D printing can be found in Materials and
Methods.

To investigate its capability of energy dissipation, as shown
in Figure 2g, we design a C2T structure with three sections (¥
= 3), and then compress the printed artifact by a displacement
of 20 mm (Figure 2h). For comparison, we also design an octet
truss structure (Figure 2i), which has the same volume and rela-
tive density as that of the C2T structure. We print the octet truss
structure by using the HED polymer, and compress it by 20 mm
(Figure 2j). Comparing Figure 2h,j, it is obvious that the HED
polymer strip in the C2T structure is highly stretched while the
rods in the octet truss are buckled. We performed the finite ele-
ment (FE) simulations to visualize the local deformation on the
C2T and octet truss structures. As shown in Figure 2k, the max-
imum local tensile strain on the C2T structure reaches 160%. In
contrast, the maximum strain on the buckled rods of the octet
truss is <20%. Details on the FE simulation model are intro-
duced in Text S12 and Figures S12 and S13 (Supporting Infor-
mation). We further conducted compressive experiments to com-
pare the mechanical responses between the C2T and octet truss
structures. Details on the experiments can be seen in Experimen-
tal Section. Figure 21 presents the loading-rate dependent force-
displacement relations between the C2T and octet truss struc-
tures. Under loading rate of 54.5 mmes™! (strain rate: 1 s71), the
maximum force on the C2T structure reaches 1811.7 N, and dis-
sipated energy is 19.0 J. In comparison, under the same loading
rate, both maximum force and dissipated energy of the octet truss
structure is ~100 times lower. Similarly, the Kelvin truss struc-
ture exhibits even more reduced performance, with its maximum
force and dissipated energy being ~180 times lower than those of
the C2T design (Figure S14, Supporting Information). This sig-
nificant enhancement is primarily attributed to the compression-
to-tension design, which fully exploits the tensile properties of
the HED polymer. Detailed comparison can be seen in Table S7
(Supporting Information). More importantly, the high printabil-
ity of the HED polymers allows high designability. As shown in
Figure S15 (Supporting Information), we design and print the
C2T structures with different numbers of sections (¥ = 1, 2, 3).
Figure 2m,n shows that the C2T structure with more sections dis-
sipates more energy due to higher strains on the HED polymer
strips (Figure S16, Supporting Information).

2.3. 3D C2T Structure with Adaptive Energy Dissipation for
Potential Application as Artificial Intervertebral Disc

Intervertebral disc (IVD), as illustrated in Figure 3a, is a carti-
lage tissue that maintains spinal flexibility and provides shock

Figure 2. Compression-to-tension design for enhanced energy dissipation under compression. a) Stress—strain behavior of HED polymer stretched by
up to 300% at different strain rates. b) Dissipated energy density of VHB, HED without ZA, and HED polymers at varied strain rates. c) Energy dissipation
comparison of HED polymer under compression and tension (Strain rate = 0.01s™"). d) Mechanism of C2T structure converting compressive load to
tensile deformation on HED strip. e) Fabrication of C2T structure through multi-material DLP 3D printing approach. f) Snapshot of printed C2T structure.
g—j) Compressive tests on the C2T structure and octet truss structure with the same volume and relative density: geometric models are illustrated in (g)
and (i), and compressive processes are shown in (h) and (j). k) FE simulations comparing the local deformations on the C2T and octet truss structures.
) Compressive force-displacement responses of C2T and octet truss structures at strain rates of 0.01 s~ (loading speed: 0.545 mm s~') and 157!
(loading speed: 54.5 mm s~'). m) Rate-dependent compression performance of C2T structures with varying section numbers (¥ = 1-3). n) Comparison
of dissipated energy density between octet truss structure and C2T structures with different sections (¥ = 1, 2, 3) under strain rates of 0.017 and 157"
(loading speed: 54.5 mm s~'). Scale bar: 10 mm.
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Figure 3. Design and characterization of an artificial IVD constructed by C2T structures. a) Spinal anatomy schematic showing artificial IVD, natural
IVD, and LDH. b) Design evolution of a C2T artificial IVD. c) Schematic illustration presenting the compressive pre-strain (g) on the C2T artificial IVD.
d) Compression on an artificial IVD made of pure soft material. €) Compression on a C2T artificial IVD and the FE simulation. f) Schematic illustration
of compression on the C2T artificial IVD under different strain rates (¢). g) Loading-unloading tests on the C2T artificial IVD at loading strain rates of
0.01s7"and 157", h) Variation of loss factor (tand) achieved from the compressive loading-unloading tests under different compressive pre-strains and
loading frequencies. i) Schematic illustration of the cyclic torsion tests on the C2T artificial IVD under different shear strain rates (7). j) Lissajous curves
achieved from the cyclic torsion tests at torsional frequencies of 0.1 and 5 Hz. k) Variation of loss factor (tans) achieved from the cyclic torsion tests
under different compressive pre-strains and loading frequencies. Scale bar: 15 mm.
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absorption.[*l Long-term compression and torsion may lead to
lumbar disc herniation (LDH), which leads to severe pain, mobil-
ity issues, or even disability caused by nucleus pulposus bulging
and subsequent spinal cord compression.[*>#¢] Traditional treat-
ments, such as surgical removal or spinal ablation, often have
high recurrence rates or limit spinal motion.l*’] As a result, IVD
replacement has become a main surgical alternative. However,
most artificial IVDs are metal-based structures and have higher
stiffness than natural IVDs, which may cause chronic pain result-
ing from stress shielding.*] Recently developed polymer-based
artificial IVDs!*8%l match the stiffness of natural IVDs, whereas
the low stiffness of polymers makes them incapable of dissipat-
ing the high energy generated by dynamic body movements.

Here, we design an artificial IVD by rotating the 2D HED
polymer-based C2T structure (Figure 3b). To mimic the static
load resulting from body weight, a compressive pre-strain (&,
€ye = AH/H) is initially applied to the artificial IVD (Figure 3c).
Unlike the artificial IVD made of pure soft material, which ex-
pands laterally under compression due to Poisson’s ratio effect
(Figure 3d), the C2T structure-based artificial IVD maintains zero
lateral expansion under compression (Figure 3e) to avoid com-
pression to the spinal cord. FE simulations reveal that the com-
pression applied to the structure is converted to large tension on
the HED polymer strips.

More importantly, this C2T structure design endows the artifi-
cial IVD with excellent capability of dissipating mechanical ener-
gies from daily body motions. As illustrated in Figure 3f, we con-
ducted compression tests under different strain rates (0.01 s~}
and 1s7') to evaluate the energy dissipation capability of the artifi-
cial IVD under walking and running scenarios, which is reflected
by the loading-unloading curves presented in Figure 3g. When
the loading strain rate increases from 0.01 and 1 s77, the stiff-
ness of the artificial IVD escalates by 14.7 times from 3.1 to 45.5
N mm™!, and the dissipated energy (the enclosed area) rises by
17-folds from 52.69 to 892.73 m]. Figure 3g indicates that the arti-
ficial IVD can dissipate more energy when the patient engages in
more intensive activity. Furthermore, we performed cyclic load-
ing tests on the artificial IVD to explore the effects of compressive
pre-strain (g,,.) and loading frequency on its energy dissipation
capability, which is quantified by loss factor (tané). Details on ex-
periments and analyses can be seen in Text S15 and Figure S17
(Supporting Information). Note that the loading frequency range
(0.1-5 Hz) can effectively capture the daily operational frequen-
cies of IVDs.13%51 Ag shown in Figure 3h, under the same loading
frequency, the increase in ¢, (body weight) leads to the rise in
tané. The tané is higher (over 1.5 and even ~2) when the loading
frequency increases to 5 Hz.

As illustrated in Figure 3i, we conducted cyclic torsion tests
on the C2T artificial IVD to evaluate its capability of dissipat-
ing the energy that might be generated from waist twisting. De-
tails on the experiments can be seen in the Experimental Section.
Figure 3j presents the typical hysteresis loop (Lissajous curve),
which can reflect the energy dissipation characteristics of the C2T
artificial IVD under dynamic torsion. The dissipated energy is
the area of the hysteresis loop, which can be calculated as zy?E”
where y is the amplitude of shear strain. Detailed derivations can
be seen in Text S16 (Supporting Information). When the oscilla-
tion frequency increases from 0.1 to 5 Hz, the dissipated strain
energy density rises from 0.56 and 3.09 ] cm~3, which can be at-
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tributed to the positive correlation between loss modulus E” of the
HED polymer and frequency f (Figure 1j). Moreover, we can use
the cyclic torsion tests to investigate the effects of compressive
pre-strain (g,,.) and loading frequency (f) on the energy dissipa-
tion capability (tané) of artificial IVD. As shown in Figure 3k,
under the same loading frequency, higher ¢, leads to higher
tand; under the same ¢, tané increases with the rise in load-
ing frequency. Furthermore, fatigue tests performed on both the
HED polymer and the 3D C2T structure confirm their structural
integrity and stable energy dissipation performance under long-
term cyclic loading, demonstrating suitability for sustained oper-
ational use (Text S17 and Figure S19, Supporting Information).

2.4. Low-Frequency and Bandgap Tunable Vibration Isolation
Meta-Device Enabled by 3D C2T Structure

Low-frequency vibrations (<250 Hz)®2 pose significant chal-
lenges in precision instrumentation and human comfort due to
their long-wavelength penetration characteristics. Vibration iso-
lators are the materials or structures used to dissipate or iso-
late the low-frequency vibrations. Conventional non-viscoelastic
isolators achieve isolation of low-frequency vibrations through
spring-damper metadevices, which are relatively complex and
costly. An alternative is viscoelastic isolators, which operate
by transmitting external vibrations to the viscoelastic mate-
rial through compression or shear; the material then dissi-
pates energy via internal mechanisms (e.g., polymer chain
movement), enabling isolation within a specific band. How-
ever, the performance of these viscoelastic isolators is limited:
their frequency-dependent damping declines sharply beyond cer-
tain cut-off frequencies,l®*>* narrowing the effective isolation
bandgap. Moreover, most existing viscoelastic isolators employ
a bulk material design, which limits their stiffness adjustment
range and makes it difficult to achieve broadband low-frequency
vibration isolation.[274]

To overcome these limitations, we leverage the compression-
to-tension (C2T) design, which effectively decouples the mate-
rial’s intrinsic dissipation properties from the structural stiffness.
This design enables direct tuning of the bandgap by adjusting the
C2T’s structural stiffness. Additionally, the HED component’s
high loss factor and high strain-rate sensitivity (outperforming
conventional materials) are key to achieving a broader isolation
bandwidth. Here, we employ the C2T structure to develop low-
frequency vibration isolators (VIs) and VI metadevices where we
can freely tune the location and width of the frequency isola-
tion bandgap by varying the design and deployment of the C2T
structures. Figure 4a illustrates the proposed VI, which includes
the C2T structure placed between the rigid frame and counter-
weight. To evaluate the performance of the proposed VI, we built
a dynamic testing apparatus (Figure 4b; Figure S20, Supporting
Information) which mainly includes a shaker to generate low-
frequency vibration, an accelerometer placed on the shaker to
measure the input excitation force F,, (w), and an accelerometer
attached on the top of the rigid frame to measure the output fil-
tered force F, (). Performance of a VI is characterized by the dy-
namic transmission characteristic T(w), which can be calculated
as T(w) = F,,(®)/F,(w). Figure 4c presents the performance
characterization of the C2T structure-based VI, where a broad

© 2025 Wiley-VCH GmbH
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Figure 4. C2T structure-based VI metadevice for low-frequency vibration isolation with wide bandgap tunability. a) Snapshot of the C2T structure-based VI
comprising a C2T structure, counterweight, and rigid frame. b) Schematic diagram presenting the dynamic vibration testing setup. c) Vibration isolation
performances of the C2T structure-based VI, and the other two comparing structures. d) Compression tests under different loading rates showing that
the stiffness and damping effect are enhanced by increasing the section number (¥ = 3-6). e) Vibration isolation performance of VIs with different
W values. f) Schematic illustration of the VI metadevice consisting of four VIs with different ¥ values. g) Vibration isolation performance presenting
the superior broadband low-frequency vibration isolation performance of the VI metadevice. h,i) Ping-pong ball demonstrations showing that the VI
metadevice (h) is capable of isolating the low-frequency vibration from 150 Hz to 250 Hz, while the control structure (i) fails to do so. Scale bar: 20 mm.
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vibration isolation bandgap (the frequency range where T(w) is
less than zero) spans from 137.4 to 179.1 Hz, achieving a maxi-
mum attenuation of —12 dB. In comparison, we also tested the
vibration isolation performance of two comparison structures:
the one with only a rigid frame (control), and the other one where
HED bulk material replaces the HED C2T structure. However, no
apparent vibration isolation band gaps are found on the perfor-
mance characterizations of the two compared structures.

To elucidate the vibration isolation mechanism of the C2T
structure-based VI (Text S18, Supporting Information), we de-
velop a theoretical model that calculates T(w) in terms of the rigid
frame mass M and the effective mass m.g(w) of the C2T structure-
based VI:

M
= e @

where m g(w) is correlated with stiffness k and damping coefhi-
cient ¢(w) of the C2T structure:

k—i-c(w)w

Mg(@)=M+m (3)

k—w?m—i-c(w)w

The theoretical model predictions (Figures S21, Supporting In-
formation) show that an increase in k shifts the resonance fre-
quency (the frequency range where T(w) is much greater than
one) to higher values, and an increase in ¢(w) broadens the iso-
lation bandgap. In fact, we can tune k and c(w) of the HED
C2T structure by varying the section number ¥. As shown in
Figure 4d and Figure S22 (Supporting Information), under com-
pression of slow strain rate (0.01 s7!), where the effect of damp-
ing can be ignored, an increase in ¥ (from 3 to 6) leads to the
rise of structure stiffness (from 0.18 to 4.5 N mm™!). Under high
strain rate (1 s™') where the damping effect dominates, the stiff-
ness of the C2T structure increases from 2.16 to 38.54 N mm™!
as ¥ increases from 3 to 6. Figure 4e presents that the increase
in ¥ moves the resonance frequency toward higher values, and
broadens the isolation bandgap, which agrees well with the trend
predicted by the theoretical model.

To further broaden the vibration isolation bandgap, as illus-
trated in Figure 4f, we develop a VI metadevice consisting of
four VIs with ¥ ranging from 3 to 6. The vibration testing result
(Figure 4g) shows that the VI metadevice attained a maximum at-
tenuation of —20 dB across 130-240 Hz (~110 Hz bandwidth) —
a threefold increase in bandwidth compared to a single VI unit,
highlighting its superior broadband low-frequency vibration iso-
lation performance. In comparison, the result of the vibration test
on the control structure, which only has four rigid frames, ex-
hibits no distinct isolation bandgap across the testing frequency
spectrum. To visually demonstrate the outstanding vibration iso-
lation capability of the VI metadevice, we applied broadband low-
frequency vibration excitations ranging from 150 to 250 Hz to
it, where a Ping-pong ball is placed. As shown in Figure 4h, the
VI metadevice can successfully isolate the low-frequency vibra-
tion so that the Ping-poll remained stationary while the vibration
with varying frequencies was applied (Movie S2, Supporting In-
formation). In contrast, the Ping-poll ball on the control structure
was constantly bouncing (Figure 4i) when the same vibration was
applied.
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3. Conclusion

In this work, we develop the high-energy-dissipating (HED) poly-
mers, which can synchronously achieve high loss factor (tané up
to 2), high modulus (up to 110.5 MPa), high stretchability (up to
1470.7%), and high dissipated energy density (up to 26.8 ] cm=3).
We attribute such extraordinary energy dissipation capability of
the HED polymers to two types of dynamic physical crosslinks
(hydrogen bonds and dynamic coordination bonds). We conduct
experiments and theoretical modeling to validate the above hy-
pothesis. We design HED-based compression-to-tension (C2T)
structures that convert compression on them to tension on the
HED strips to fully liberate tension-induced high energy dissipa-
tion of the HED polymers. Then, we use DLP-based multimate-
rial 3D printing for fabricating the C2T structures whose energy
dissipation capability is adaptive by tuning the geometric param-
eters, and ~100 times higher than that of octet structures made
of pure HED polymer. To demonstrate the adaptive capability of
dissipating impact and vibration energies, we employ the C2T
structures to form artificial IVDs and low-frequency vibration
isolators. Despite these advancements, we acknowledge that cer-
tain limitations—such as extreme scalability (across micro and
macro scales), performance under broader environmental and
loading conditions (e.g., very high strain rates, varying humid-
ity/temperature), and comprehensive biocompatibility testing for
biomedical applications—remain to be fully explored, providing
fruitful avenues for future research. These challenges outline a
promising roadmap, where future efforts will focus on geometric
optimization of the C2T architecture to enhance strain range and
mitigate anisotropy, expansion of testing regimes to quantify real-
world impact and vibration scenarios, integration of advanced
multi-material manufacturing techniques to overcome scalabil-
ity constraints, and dedicated investigations into long-term sta-
bility, degradation, and biocompatibility for biomedical transla-
tions. Addressing these aspects will not only overcome current
limitations but also significantly broaden the application horizon
of these adaptive energy-dissipating metadevices in fields such as
electronics, bio-implants, and precision instruments.

4. Experimental Section

Materials:  Acrylic acid (AAc), N-(2-Hydroxyethyl) acrylamide
(HEAA), 4-hydroxybutylacrylate (HBA), zinc acrylate (ZA), and 2,4,6-
trimethylbenzoyl diphenylphosphine oxide (TPO) were purchased from
Sigma-Aldrich (Shanghai) and used as received. VHB (Very High Bond)
material was obtained by cutting 3M VHB tape, which was purchased
from 3 M Corp., and used as received. PDMS (Polydimethylsiloxane)
material was purchased from Hangzhou Westru Technology Co, Ltd. and
used as received.

Precursor Solution Preparation: The HED precursor was prepared by
mixing 12.5 wt.% acrylic acid (AAc), 12.5 wt.% N-(2-Hydroxyethyl) acry-
lamide (HEAA), and 75 wt.% 4-hydroxybutylacrylate (HBA), as well as
0.75 wt.% zinc acrylate (ZA) of the total weight of monomers. In addi-
tion, 2 wt.% 2,4,6-trimethylbenzoyl diphenylphosphine oxide (TPO) of the
total weight of monomers was added as the photoinitiator. The HED with-
out the ZA precursor was prepared by mixing 12.5 wt.% AAc, 12.5 wt.%
HEAA, and 75 wt.% HBA. In addition, 2 wt.% TPO of the total weight of
monomers was added as the photoinitiator.

Gel Permeation Chromatography Tests: The molecular weights of
HED and HED without ZA were measured using an Agilent-1260
metadevice (Agilent Technologies, USA). Samples were dissolved in
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1,2,4-Trichlorobenzene and heated to 150 °C for 24 h prior to the measure-
ment. The test temperature was set to 150 °C, with 1,2,4-Trichlorobenzene
as the eluent at a flow rate of T mL min~', and a PLgel MIXED LS column
(300 mm x 7.5 mm x 2 mm) was used for separation.

DMA  Experiments: Dynamic mechanical properties of energy-
dissipating materials were characterized using a DMA analyzer (Q850
DMA, TA Instruments) in tension film mode. Samples with dimensions
of 10 mm X 5 mm X 1 mm were tested. In the frequency sweep tests,
the frequency (f) was conducted from 0.5 to 100 Hz with a tensile strain
amplitude of 0.5%.

3D Printing of C2T Structures:  All C2T structure samples were fabri-
cated using a commercial DLP-based multimaterial 3D printer (Multimat-
ter C30). As illustrated in Figure 2e, this printing approach employs a UV
projector, a horizontally moving resin-switching stage, a vertical motion
stage, and a rotating build platform that removes residual resin via cen-
trifugal force.l>3] The multi-component 3D structure of the C2T structure
was designed using computer-aided design software (SolidWorks), with
the assembly saved in.STL format to maintain all parts within a unified
coordinate metadevice. These STL files were processed using a custom
MATLAB-based slicing tool (MathWorks, Natick, MA, USA). These sliced
two 2D images for each layer were arranged in the order that the horizontal
stage follows to deliver the resin containers for printing the corresponding
parts, where the layer thickness was set to 100 pm. The wavelength of UV
light was 405 nm.

Uniaxial Tensile Tests:  For strain rates ranging from 0.001 to 0.1577,
tensile experiments were conducted using an SSANS machine (100 N load
cell, CN). Specimens with dimensions of 10 mm X 5 mm X 1T mm were
tested. For strain rates of 1and 10 s™', an Instron ElectroPuls E1000 dy-
namic test instrument (250 N load cell, USA) was employed. All tests were
conducted at room temperature.

Uniaxial Compression Tests: Compression tests on HED material and
C2T structure at strain rates of 0.01 and 1s~" were performed using an
MTS machine (10 KN load cell) at room temperature. Besides, to calcu-
late the loss factor of 3D C2T structures under compression, an Instron
ElectroPuls E1000 device was used to apply a cosine wave compressive
strain g(t) to the structure and obtain the corresponding output stress
o (t), where ¢, is the compressive pre-strain. Detailed calculation of loss
factors was discussed in Text S12 (Supporting Information).

Finite Element Analysis: ~ Finite element simulations were conducted in
ABAQUS (V6.14, Dassault Systémes Simulia Corp., USA). The rigid poly-
mer frame (Young's modulus: 2 GPa, Poisson’s ratio: 0.3) was meshed
with 8-node linear brick elements (C3D8R). The HED polymer strip (ma-
terial properties detailed in Text S12 and Table S6, Supporting Information)
was meshed with C3D8H elements. A tie constraint was applied at the in-
terface to simulate strong bonding (Figure S9¢, Supporting Information).
Displacements were imposed on the top surface to simulate varying load-
ing rates.

Cyclic Torsion Tests:  Cyclic torsion tests were performed on 3D C2T
structures using a rheometer (Discovery HR-20, TA Instruments) at 25 °C.
A pre-strain of 20% was applied, with the top surface fixed to the rotat-
ing fixture and the bottom surface fixed to the stationary fixture. When a
sinusoidal alternating shear strain (y = yqsinwt) was applied to the C2T
structure, the C2T structure generated corresponding shear stress (6 =
oosin(wt + 6)). & is the lagging angle, which was consistent with the 6 of
the loss factor (tand). By synchronizing the time-dependent strain (y (t))
and stress (o (t)) signals using the rheometer’s software, the Lissajous
curves of 3D C2T structures were obtained.

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

the author.
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