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Discovering novel multifunctional metamaterials with energy harvesting and sensing functionalities is likely to
be the next technological evolution of the metamaterial science. Here, we introduce a novel concept called self-
aware composite mechanical metamaterial (SCMM) that can transform mechanical metamaterials into nano-
generators and active sensing mediums. In pursuit of this goal, we examine new paradigms where finely tailored
and seamlessly integrated self-recovering snapping microstructures composed of topologically different tribo-
electric materials can form self-powering and self-sensing meta-tribomaterial systems. We explore various
deformation mechanisms required to induce contact electrification between these snapping microstructures
under periodic deformations. The multifunctional meta-tribomaterial systems created under the SCMM concept
will act as triboelectric nanogenerators capable of generating electrical signals in response to the applied me-
chanical excitations. The generated electrical signal can be used for active sensing of the applied force and can be
stored for empowering sensors and embedded electronics. We conduct theoretical and experimental studies to
understand the mechanical and electrical behavior of the multifunctional SCMM systems. The broad application
of the proposed SCMM concept for designing artificial materials with novel properties and functionalities is
highlighted via prototyping self-powering and self-sensing blood vessel stents and shock absorbers.

viable alternative [3]. The key parameter of any energy harvesting de-
vice is its conversion efficiency that depends strongly on the conversion

1. Introduction

One of the obstacles that is limiting the development of deployable
integrated sensing and actuation solutions in multifunctional systems is
the scarcity of power. Many applications require the use of miniaturized
low-powered sensing and actuation systems. In spite of the significant
developments in the area of localized sensing and actuation [1,2], most
of the developed systems to date still rely on batteries thus limiting the
lifetime of the device as well as the diagnosis possibilities. Thus, energy
harvesting has been a topic given great attention in recent years as a

medium. In the past, natural materials were often chosen as conversion
media for different energy harvesting devices. However, the conversion
efficiency is limited by the properties of natural material and structures.
To address these issues, metamaterials have been introduced for energy
harvesting in recent years [4]. Metamaterials with non-traditional
physical behaviors provide innovative mechanisms for energy harvest-
ing. A survey of the literature reveals that metamaterials used for energy
harvesting mainly include electromagnetic metamaterials, photonic
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crystals and acoustic metamaterials [5,6]. As architected, structural
materials comprised of engineered microstructures, mechanical meta-
materials are fairly new branch of metamaterial systems that have
marked their debut during the last few years [7-9]. Mechanical meta-
materials have inspired the popularity of research on advanced mate-
rials with extraordinary properties [10-12]. The unusual mechanical
properties often include either negative properties or extreme proper-
ties. Examples of negative properties are negative Poisson’s ratio [13,
14], negative thermal expansion coefficient [12], negative compress-
ibility [11], and negative stiffness [15,16]. Extremely high stiffness to
mass ratio [17], and extremely high (low) resistance against deforma-
tion in specific directions [18] are examples of the extreme properties.
The mechanical metamaterial concept is appealing in its potential to
accelerate the materials discovery and development by satisfying the
requirements of specific and desired mechanical properties. Research
efforts have been dedicated to exploring the performance of mechanical
metamaterial and obtaining superior mechanical properties using the
structure strategy [19-21].

Studies have been particularly carried out on 2D layout and 3D form
structures that are maintained uniform in the thickness direction [13,
22]. Negative Poisson ratio has been reported from those structures due
to the embedded hole-like designs. Recent interest has been shifted to
utilize multifunctional mechanical metamaterial in devices and tech-
niques in energy absorption, artificial muscles, drug delivery, and soft
robots [23]. However, a substantial portion of the current effort in the
arena of multifunctional mechanical metamaterials has been merely
going into exploring new geometrical design of
micro/nano-architectures to improve or identify unusual sets of me-
chanical properties [23]. There is a critical shortage in research needed
to engineer new aspects of functionalities into the texture of mechanical
metamaterials for multifunctional applications. In particular, intro-
ducing the self-powering and self-sensing functionality into the material
design could in theory lay the foundation for living engineered materials
and structures that can empower, sense and program themselves.
Despite its capacity to open new horizons for mechanical metamaterials,
the entire concept of mechanical metamaterials for energy harvesting is
still in its infancy. The limited studies in this arena are merely based on
attaching external energy harvesting transducers to the structural frame
of the metamaterial to convert its localized deformations into electric
energy [8,24,25]. A major issue with such segregated designs is that
added mass and increased drag due to attaching an external energy
harvesting transducer will significantly degrade the structural perfor-
mance of the mechanical metamaterial system. Yet, a major challenge
ahead is how to develop mechanical metamaterial systems that can
utilize their entire constituent components as an energy harvesting
medium for self-powering or local powering of sensing and actuating
devices.

Here, we aim to advance the knowledge and technology required to
create a new class of multifunctional mechanical metamaterial systems
with energy harvesting functionality. The meta-tribomaterial systems
created under the proposed self-aware composite mechanical meta-
material (SCMM) concept are composed of finely tailored and topolog-
ically different triboelectric microstructures. The beauty of the concept
is that the entire meta-tribomaterial structure serves as a triboelectric
nanogenerator (TENG) as well as an active sensing medium to directly
collect information about its operating environment. This has not been
possible with any competing mechanical metamaterial technologies so
far. A meta-tribomaterial naturally inherits the enhanced mechanical
properties offered by classical mechanical metamaterials. Furthermore,
a practical aspect of the SCMM concept is that it enables designing
layered composite systems using a wide range of the organic and inor-
ganic materials from the triboelectric series. Theoretical and experi-
mental studies are conducted to understand the mechanical and
electrical behavior of the composite mechanical meta-tribomaterials
designed according to the SCMM concept. Thereafter, we demonstrate
the feasibility of integrating the SCMM mechanisms to design
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multifunctional systems for real-life engineering applications such as
self-sensing and self-powering cardiovascular stents and shock
absorbers.

2. Results and discussion

The quest for a truly multifunctional mechanical metamaterial with
energy harvesting, sensing and programmability has been the Holy Grail
for material scientists. SCMM is a new generation of composite me-
chanical metamaterials offering self-powering and self-sensing func-
tionalities along with the boosted mechanical properties. The idea
behind developing any SCMM system is that finely tailored and seam-
lessly integrated microstructures composed of topologically different
triboelectric materials can form a hybrid meta-tribomaterial system with
active energy harvesting and sensing functionalities. On the other hand,
a composite mechanical metamaterial composed of different materials
that are organized in a periodic manner would potentially boost the
mechanical properties such as strength and stiffness [26]. Fig. 1 illus-
trates our vision for the proposed research study, where architecture
tailoring of triboelectric materials via additive manufacturing could
form a new class of multifunctional mechanical metamaterials for a
broad range of applications (Fig. 1b). Deformation mode of the fabri-
cated microstructures should be engineered through a unique design so
that contact electrification will occur between the two surfaces as the
SCMM structure undergoes periodic deformations due to mechanical
excitations. The SCMM contacting/sliding surfaces act as conductive
and dielectric layers similar to a TENG as shown in Fig. 1a. Due to the
contact electrification, the conductive and dielectric layers accumulate
positive and negative charges, respectively. As the SCMM structure is
unloaded, the transferred charge remains on the dielectric surface. This
forms a static electric field and a potential difference between the
conductive layers. By increasing the loading amplitude, more conduc-
tive and dielectric layers of the SCMM matrix engage in the con-
tact-separation process, which results in generating higher electrical
output. The electrical output signals can be used for active sensing of the
external mechanical excitation applied to the SCMM structure. On the
other hand, the generated electrical energy can be harvested and stored
to empower sensors and electronics at low power.

From an energy harvesting perspective, the SCMM approach offers
new mechanisms for materials and structures that utilize the energy that
develops within them (strain and kinetic energy) for a wide range of
applications. Incorporating the triboelectric materials as a constituent
material into the texture of mechanical metamaterials would expand the
useable range of these materials as power harvesters. A nanogenerator
SCMM would naturally inherit the outstanding features of the TENGs. It
uses neither magnets nor coils; it is light in mass, low in density, low in
cost, highly scalable, and it can be fabricated using inorganic and “most
of the organic” materials. TENGs have shown a significantly higher
power density in comparison with other competitive technologies such
as piezoelectric materials and electromagnetic generators [27-29]. The
metamaterial “Tree of Knowledge” reveals that sensor applications are
one of the pillars of the metamaterials future research [30]. So far, there
are very few studies with focus on developing mechanical metamaterial
sensors [31,32]. These studies do not use the mechanical metamaterial
structure as a sensing medium. Instead, they deploy the mechanical
metamaterial simply as a frame that carries active sensing materials (e.
g., conductive carbon nanotube (CNT) or graphene-based microstruc-
ture layers) to transform the mechanical stimuli into readable electrical
signals. From a sensing perspective, introducing the self-sensing func-
tionality into the mechanical metamaterial design via the SCMM
concept could in theory lay the foundations for living structures that
respond to their environment and self-monitor their condition. In
addition to its self-sensing features, an SCMM system is intrinsically
sensitive to the applied stresses, and therefore, it can be implemented as
a sensor in various materials or structural systems. From a mechanical
perspective, SCMMs are composed of different materials that are
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organized in a periodic manner. Therefore, SCMMs not only inherit all
features of classical mechanical metamaterials, but could also offer
significantly boosted mechanical properties due to their composite
structure by overcoming the “rule of mixtures” [26,33].

However, without loss of generality, we illustrate this paradigm shift
by focusing on the design principles for composite mechanical meta-
tribomaterial structures with parallel snapping curved segments. The
self-recovering behavior of this type of mechanical metamaterials makes
it an ideal case study for the contact-separation mode of triboelectric
energy harvesting. Arguably, the proposed concept can be applied to a
wide range of other material and metamaterial systems with different
geometrical designs and self-recovering behavior. In our study, the
metamaterial was made up of multiple bi-stable unit cells. The unit cell
consisted of thick horizontal and vertical elements and a thin curved
part. The reported structural design is conceptually different from kir-
igami and serpentine patterns due to the following two reasons: First,
kirigami structures (e.g., kirigami metamaterials) are typically reported
with transverse deformation caused by cut-induced design. This is while,
the SCMM systems have not been observed with transverse deformation
under cyclic loading. Secondly, serpentine structures are typically
asymmetric in loading direction such as in sinusoidal design.
Conversely, an SCMM system is periodically symmetric and thus it
evenly deforms in the loading direction. However, in order to incorpo-
rate the sensing and energy harvesting features into the metamaterial
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Fig. 1. Vision of the proposed multi-
functional meta-tribomaterial concept for
energy harvesting and active sensing. a,
Composition of a snapping mechanical
meta-tribomaterial designed based on the
SCMM concept. Broad applications of the
proposed concept including: b, A flying
wing aircraft with self-diagnostic and
energy harvesting wings made of a
network of SCMM structures. c, Self-
sensing SCMM shock absorber with en-
ergy harvesting capabilities. d, Self-
powered and self-sensing cardiovascular
SCMM stent for continuous monitoring of
the artery radial pressure changes due to
tissue overgrowth. The stent equipped
with a miniaturized wireless interface
self-powers itself by harvesting the en-
ergy from the arterial pulsations of the
blood vessels.

Cyclic

Charging

Potential
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functionality, we introduced the TENG concept into its architecture
design. The design process is shown in Fig. 2. The electrical output of the
designed snapping SCMM is presented in Fig. 3. In order to fabricate the
2D structure of the snapping composite mechanical metamaterial, three
constituent layers were defined. The first two layers were conductive
layers created as periodic repeatable segments (Fig. 2a and b). The
conductive layers were first aligned to act as opposite electrodes. Then,
they were embedded inside a thicker dielectric layer serving as the
skeleton of the mechanical metamaterial (Fig. 2b). As seen in Fig. 2b, the
entire snapping composite mechanical metamaterial structure forms
composite matrix composed of the conductive and dielectric layers in a
periodic manner. The semicircular-shaped snapping segments include
both conductive and dielectric layers. The semicircular-shaped snapping
segments were centrally clamped by relatively thicker (stiffer) sup-
porting segments with a connection platform, as illustrated in Fig. 2b.
The curved elements were specifically designed in mathematical/trig-
onometric function form to achieve smooth snap-through transition and
symmetrical stable configurations before and after large deformation.
The clamped conditions of the snapping beams at both ends were
released and connected to supporting segments to create periodic
repeatable unit cells and provide local support to prevent lateral
displacement and bending at the ends of the semicircular-shaped slender
elements. The SCMM was designed to be triggered under cyclic loading
in compression with a built-in TENG system activated in a contact-
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Fig. 2. Designing a 2D mechanical
meta-tribomaterial with parallel
semicircular-shaped snapping segments
according to the SCMM concept. a, the
segments of the two conductive layers
(Conductive 1 and 2) created as 5 peri-
odic repeatable segments, and the
aligned conductive layers. b, The sche-
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Fig. 3. A self-sensing and self-charging 2D mechanical meta-tribomaterial. a, 3D printed SCMM sample comprised of 5 x 5 unit cells at the original and deformed
states under cyclic loading. b, Snapping mechanisms of the elastic bulking semicircular-shaped snapping shells, and the operating principle of the SCMM unit cells in
the contact-separation mode TENG. Applied cyclic loading and the corresponding c voltage and d current generated by the proposed SCMM (in red and blue,

respectively).

separation mode. In order to fabricate this complex design as one inte-
grated unit, a dual extruder 3D printer was used that could support
printing with a variety of multi-material filaments. There is a wide range
of organic and inorganic materials from the triboelectric series that can
be used to fabricate the conductive and dielectric layers. We purposely

chose materials with a large difference in triboelectric polarity to
maximize the electrification between the two layers. Polylactic Acid
(PLA) with carbon black (Young’s modulus E = 3000 MPa, Poisson’s
ratio v = 0.48) and Thermoplastic Polyurethane (TPU) (E = 12 MPa,
v = 0.25) were used as the conductive and dielectric layers, respectively.



K. Barri et al.

In Fig. 2a and b, h, g, I, L, W, and R are 15.5 mm, 6.5 mm, 82.6 mm,
119.35 mm, 100 mm, and 7.76 mm, respectively. The thicknesses of the
conductive and non-conductive layers are 0.65 mm and 0.3 mm,
respectively. The detailed device fabrication process is described in
Section 4.

Fig. 3 presents the testing results of the composite snapping me-
chanical meta-tribomaterial designed according to the SCMM concept.
Uniaxial loading experiments were performed on the 3D printed meta-
material specimen. Cycling loading at 0.5 Hz frequency was applied to
the specimen under displacement control until it was fully compacted.
The displacement range was controlled to be between 5 mm and 10 mm.
The applied load changed between 15N and 45 N. Under uniaxial
loading, the sample undergoes a large deformation caused by stiffness
mismatch between snapping (buckling instabilities) and supporting
(relatively stiffer/thicker) components, exhibiting very small transverse
deformation after every snapping. Based on the multi-stable/self-
recovering mechanism, phase transformation/shape-reconfiguration
and zero (or close to zero) Poisson’s ratio can be achieved up to large
morphological change (Fig. 3a). As shown in Fig. 3b, when a normal
vertical force applied in the middle of the curved beams, the
semicircular-shaped segment is mechanically deformed (buckled),
snapping from first/original stable state (State I) to fully compacted/
deformed stable state (State III) at a critical applied force. In a very ideal
situation, the constrained conditions at both ends are strong and the two
stable states are symmetric, the reaction force will be symmetric from
one to the other stable state under displacement control which means
that an identical reverse force is needed that allows the deformed beams
to return to their original configuration. In the case of a self-recovering
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snapping, the constant positive force means that the fully compacted
segments (State III) automatically return to their initial stable configu-
ration (State I) after the load is removed. Under compressive loads, the
snapping mechanical metamaterial structure undergoes periodic de-
formations and contact electrification occurs between the conductive
and non-conductive surfaces. By unloading the structure, a potential
difference is formed between the conductive layers. Higher loading
amplitude results in larger deformations. Consequently, more conduc-
tive and dielectric layers of the matrix get involved in the con-
tact-separation process. This leads to higher rate of the electrostatically-
induced electron transfer and generating higher voltage.

In order to record the voltage generated due to the applied me-
chanical excitations, wires were connected to the extended parts of the
conductive layers, as shown in Fig. 3a. The voltage values were read
using a National Instruments 9220 DAQ module with 1 GQ impedance.
The applied cyclic loads and the corresponding voltage and current
generated by the proposed mechanical metamaterial structure are
shown in Fig. 3c and d. As seen, the voltage is proportional to the applied
force. Fig. 4 illustrates the SCMM charging characteristics under peri-
odic mechanical motion. Fig. 3a and b shows the voltage-time and the
stored charge-time relationships at different load capacitances, respec-
tively. As seen in Fig. 3a, the capacitors are charged at the maximum
speed at t = 0. Thereafter, the speed of charging decreases gradually
until it reaches the saturation voltage. The saturation voltage is about
0.85 V, which is almost 0.5 V less than the maximum voltage shown in
Fig. 3c. Fig. 3c shows the influence of the capacitance on both final
voltage and stored charge in the capacitors after 40 s. For the small
capacitor, the voltage on the capacitor is almost equal to the saturation

l2\1200 :
(8]
=
> 900 -
D
£ 600 -
(8]
e]
® 300 A
g /
» gl

0 10 20 30 40

Time (Sec)
——50nF —500nF —5uF ——50pF
——120pF ——200pF —— 500pF
d 150 - - 1.6
- L 12
T 100 1 S
- [}
08 @
5 50 S
& L =
0 : } — 0
1.00E+00 1.00E+03 1.00E+06 1.00E+09 1.00E+12

Resistor (Q)

- - -Current (nA) ——Voltage (V)

Fig. 4. SCMM charging characteristics under periodic mechanical motion. a, Voltage-time relationship at different load capacitances. b, Stored charge-time rela-
tionship at different load capacitances. ¢, Voltage and charge stored in the load capacitor at 40 s d, Load resistance effects on the output voltage and current.
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voltage, while the stored charge, which is proportional to capacitance, is
close to zero. By increasing the capacitance, the stored charge increases
and the voltage decreases. Fig. 3d shows the voltage and current output
for different load resistances. When the resistance is low enough (less
than 100 MQ), the current is at its peak value and the voltage is at its
minimum level. When the resistance value is large enough (more than
1 GQ in this study), the voltage is almost at its peak value and the cur-
rent is close to zero.

However, the results reveal the feasibility of creating composite
multifunctional mechanical metamaterial systems with sensing and
energy harvesting functionalities via introducing the contact electrifi-
cation into the fabrication process. It is possible to measure the force/
pressure applied to the metamaterial structure by monitoring the
generated voltage. The kinetic energy harvested from the external ex-
citations by the nanogenerator metamaterial prototype can be stored for
self-powering or empowering other sensing devices. Furthermore, the
study reveals that we can create mechanical metamaterials whose both
mechanical and electrical responses can be programmed. The snapping
mechanism or the layered design of the composite matrix of the tested
structure can be engineered to deform in specified order or prevent
random snapping, which will result in programmed triboelectrification
and mechanical behaviors. Accordingly, the SCMM concept can be
applied to design a variety of programmable mechanical metamaterials
with sensing, energy harvesting properties.

Furthermore, to highlight the broad real-life applications of the
proposed SCMM concept, we focus on designing multifunctional auto-
motive/aerospace engineering and biomedical systems. Here, we
perform topology analysis to develop a series of multifunctional 3D hi-
erarchical configurations based on the investigation of aforementioned
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2D self-recovering SCMM designs. The first application is designing self-
sensing shock absorbers with energy harvesting capabilities. The second
application focuses on developing medical stents, and in particular,
smart esophageal and cardiovascular stents. Figs. 5a,b and 6a,b present
the mechanism and fabrication process of two SCMM-based 3D cylin-
drical designs for the shock absorber and stents, respectively. As seen,
the 3D metamaterials can be identified as hierarchical tubes composed
of 2D parallel U-shaped snapping segments at the microlevel. The
esophageal and cardiovascular stents were first fabricated as auxetic
SCMM films and were then configured into tubular stent form. Experi-
mental studies were performed for further evaluation of the electrical
performance of the designed 3D configurations.

Figs. 5¢,d, 6¢,d and 5e,f present a typical time-history response of the
proposed SCMM shock absorber, esophageal and cardiovascular stents
to cyclic loading at 0.1 Hz, 1 Hz and 0.05 Hz, respectively. The pre-
sented designs are proof-of-concept and are not optimized for best
electrical and mechanical performance. However, incorporating the
SCMM concept into the design of the shock absorber enables continuous
measurement of the applied forces and harvesting the energy form the
external mechanical excitations. These features are particularly impor-
tant for designing advanced medical stents. Millions of cardiovascular
stents are implanted every year because of their clinical efficacy. The
presence of a stent within an artery can lead to excess growth of arterial
tissue that may cause renarrowing within the stent. This complication
known as in-stent restenosis can reach as high as 50% among stented
patients [34]. There is currently a serious need for a rapid, noninvasive,
and easily accessible method to detect in-stent restenosis. A self-sensing,
biocompatible and non-toxic SCMM stent equipped with a miniaturized
wireless interface self-powers itself by harvesting the energy from the
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Fig. 5. Multifunctional 3D shock absorber designed based on the SCMM concept. a, Composite matrix of conductive and non-conductive layers in the SCMM shock
absorber. b, 3D printing of the SCMM shock absorber prototype comprised of 80 unit cells under loading, and the shock absorber specimen at the original and
deformed states under the cyclic loading. Applied cyclic loading and the corresponding c voltage (in red) and d current (in blue) signals generated by the proposed

SCMM shock absorber.
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Fig. 6. Multifunctional tubular 3D stents designed based on the SCMM concept. a, 3D printing the composite matrix of the conductive and non-conductive layers in
the esophageal stent prototype. b, Design details and testing of the cardiovascular stent film comprised of 5 x 7 unit cells. Applied cyclic loading and the corre-
sponding c voltage and d current signals generated by the esophageal stent, and e voltage and f current signals generated by the cardiovascular stent.

arterial pulsations of the blood vessels. The stent can be deployed using a
commercial balloon dilatational catheter for continuous monitoring of
local hemodynamic changes upon tissue overgrowth and artery renar-
rowing condition. Arguably, the same SCMM-based approach can be
used to design self-powered diagnostic implants for pressure measure-
ment in hollow internal organs and specifically esophagus, where
nearby tissue grows around the stent and changes the esophagus radial
pressure [35,36]. An esophageal SCMM stent empowers itself by har-
vesting the energy from contraction and relaxation of esophagus wall.

3. Conclusion

In summary, we proposed a new generation of meta-tribomaterial
nanogenerators with energy harvesting and sensing functionalities. We
leveraged advances in metamaterial design and energy harvesting to
engineer new aspects of intelligence into the texture of materials for
multifunctional applications. The so-called SCMM systems are fabri-
cated using finely tailored and topologically different triboelectric mi-
crostructures. Experiments and theoretical analyses were conducted to
quantitatively investigate and maneuver the mechanical and electrical

behaviors of the SCMMs. We highlighted the wide application of the
proposed SCMM concept for designing proof-of-concept multifunctional
material systems such as self-sensing, self-monitoring and self-powering
medical stents and shock absorbers. This study opens avenue for the
march toward the next stage of the technological revolution in material
science in which “self-aware engineered materials and structures” can
empower, sense and program themselves using their constituent com-
ponents. Such SCMM systems serve as a sensing medium to directly infer
multiple types of hidden information relating to the structure. Although
we presented proof-of-concepts SCMMs with snapping segments, the
proposed concept can be applied to many other material types with
different geometrical designs. In addition to its numerous applications in
the aerospace (morphing/deployable space structures) and biomedical
devices (medical implants, stents, artificial muscles) areas, the proposed
concept has the potential to transform the civil infrastructure and con-
struction fields. For instance, traditional structural health monitoring
approaches use dedicated sensors which often results in dense and
heterogeneous sensing systems that are difficult to install and maintain
in large-scale structures [37]. On the other hand, it is not always possible
embed a traditional sensor (such as a strain gauge) inside structures such
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as, in which cross-sectional or interlaminate failures may not be
observable at the surface [38]. Another bottleneck limiting the struc-
tural health monitoring applications is that permanent monitoring sys-
tems often require extensive maintenance as a consequence of the
limited durability of traditional sensors and of the limited robustness
and exposure to failures of typical structural health monitoring archi-
tectures. The SCMM concept can address most of these challenges
because it is a paradigm shift in technology where structure can be a
sensing medium itself through a rational architectural design and choice
of constituent materials. However, the novelty of the proposed concept
makes it difficult to address all possible issues related to the robustness,
durability or practicality of the SCMMs in actual implementation. For
example, design optimization of the SCMM-based systems, optimization
of the triboelectric charge density, power management and storage, and
effect of fatigue on the hierarchical structures should be taken into ac-
count. Besides, there are concerns about the long-term durability of
TENG-based mechanisms. To cope with this issue, it is possible to deploy
some of the successful fabrication solutions that have been previously
proposed to improve the durability and output stability of the TENGs for
continuous operation [39].

4. Materials and methods
4.1. Fabrication of the SCMMs at the multiscale

In this study, the SCMM snapping, shock absorber and esophageal
stent prototypes were fabricated using the fused deposition modeling
(FDM) 3D printing technique. Raise3D Pro2 Dual Extruder 3D Printer
was used to fabricate the composite samples as one integrated unit using
two conductive and non-conductive materials. The fabrication process
can be divided into three steps: 1) 3D modeling of the proposed design
using AutoCAD and SolidWorks, 2) 3D printing of the design using a
dual extruder 3D printer, and 3) removing the supports and extra printed
parts from the 3D printed object. Since all layers of the prototypes (i.e.
electrodes and dielectric layers) are printed simultaneously, the 3D
printed samples are ready to test immediately after finishing the printing
process without a need to post-printing modifications. After several
preliminary tests with various conductive and non-conductive filaments
and checking the generated electrical signal, PLA and TPU were found to
be optimal materials for the conductive and non-conductive layers,
respectively. The non-conductive TPU layer provides sufficient flexi-
bility in the entire system. The thickness of conductive layers within the
TPU framework was ranged between 0.1.1 mm and 0.3 mm. The shock
absorber height, inner diameter and outer diameter were
92 mm x 16 mm x 34 mm, respectively. The esophageal stent auxetic
structure had a dimension of 72 mm x 52.6 mm x 4 mm. The inner
diameter of the tubular esophageal stent was 8.73 mm. A flexible
polyurethane graft was inserted into the esophageal stent for testing its
electrical properties. A 3D printed fixture and shaft was used to simulate
the contraction and relaxation of esophagus wall during loading.

The cardiovascular stent prototype was fabricated using a 3D direct
laser writer (Nanoscribe Photonic Professional, GT) (Section 1 in Sup-
porting Information). The SCMM stent consists of two conductive parts
(E1 and E2) and one non-conductive part. Each part was printed sepa-
rately in shell and Scafford mode, which print the boundary of the
structure in solid but the body in a Scafford pattern. The whole structure
had a dimension of 7.5 mm x 7.5 mm x 300 pm, and were split into
blocks of 220 um x 220 pm x 200 um, with a stitching overlap of 4 um.
The laser power was set to 90 mW, writing speed of 11 c¢m s-1, slicing
distance of 1 um. After printing, the structures were developed in pro-
pylene glycol monomethyl ether acetate (PGMEA) bath for 30 min fol-
lowed by 5 min isopropyl alcohol (IPA) rinse. After the structures were
naturally dried in the air, they were placed under UV lamp for 30 min
UV light flood with 16 mW/cm? intensity, which fully cross-linked the
whole structure. As the direct-printed parts were all non-conductive,
parts E1 and E2 were then loaded into Denton sputter coater for a
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conformal coating of 30 nm Au/Pd metal film to make them conductive.
All the three parts were then placed under optical microscope for
assembling. To make the assembling easier, a few droplets of IPA was
sprayed onto the structures to make the parts more flexible and easier to
assemble. Once assembled, the assembly was detached from the sub-
strate and glued to a flexible substrate, following by silver paste gluing
of two wires to E1 and E2 electrodes for subsequent electrical mea-
surement. The fabricated auxetic SCMM film was then configured into
tubular stent form. The cardiovascular stent was directly placed under
the compressive loading cycles.

4.2. Electric measurement and characterization

A TestRecources Universal Testing Machine was used to apply the
cyclic uniaxial loading to the 3D printed samples. A National In-
struments cDAQ-9174 chassis was used as a recording device. Also, a
NI9220 module with 1 GQ impedance was used to measure the gener-
ated voltage signals. A low-noise current amplifier (SR570, Stanford
Research Systems) was used to measure the currents generated by the
SCMM prototypes. A LabVIEW program was developed to control and
synchronize measurements from all modules and store readings in the
host computer.

4.3. Electrical characterization

In the proposed snapping SCMM, the thicknesses of the dielectric
layer is d;, and the relative dielectric constant is &. Therefore, the
equivalent thickness of the dielectric layer can be written as

d

dy =—, (€]
€1

and the V-Q-x relationship is expressed as [40]:

9 [do+x(1)] +6x—(t).

V=—-——
Seq &g

(2)
where ¢, 6, x(t), and S denote the vacuum permittivity, charge density
at the contact surface, varying gap distance, and the effective contact
area, respectively. To determine the voltage V in Eq. (2), it is necessary
to obtain x(t) and S. Since the cyclic compression applied to the SCMM
was displacement-control, the varying gap distance was determined by
the loading conditions in the experiments as
A(t
x( =2, ®

ny

where A(t) is the cyclic displacement and n, is the number of the cy-
lindrical units in row. Connecting the SCMM unit with a load resistance
R to form a circuit, the generated voltage V can be obtained using the
Ohm’s law as

o

V=R 4

where Q is the charge. Substituting Eqgs. (3) and (4) into Eq. (2), we have

do oA(1)

= —Qr ,
dr or+ nyRé’()/ ®
where
r:do +X(l‘) :n}.do +A(l) ©)

RSeg, n,SRey
Solving the ordinary differential equation in Eq. (5) leads to:
A
0(1) :e—fl“dr/o- (’)efrdzdt_i_ceffrdr7 %)
nyRey
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where c is the integration constant that can be determined by the initial
conditions. Deriving Eq. (7), the voltage can be obtained as

_Rle fl"dr/ fl'drdf_l_ fl"dr (8)

V(t) = R e

According to the boundary conditions, we have

le:(] — 7Q‘1:0 (d +A‘1 0) +UA|1:0 — UA‘I:O c (do+A‘/ 0) (9)
SSO ny ny&o ny&o SS() ny

and

0l =0, (10)

which leads to: ¢ = 0. As a consequence, Egs. (7) and (8) can be
rewritten as

Q( —fl'dz/aA fl"dr (11)

nyRey
and

f rdzy ) 12)

V() = —Rre*fn“"
ny&o

To determine the charge and voltage, it is necessary to obtain the
effective contact area S in I

4.4. Mechanical characterization

The deformation configuration of the SCMM unit under the axial
compression can be calculated as [41]:

d*w  d*wy d*w -~ 1
El(dx4 M>+p(@),_fa<x_§)7 13)

where w, wy(x), p, E, L f, 6, and l are the deflection of the beam, the initial
shape of the beam, the compression force of the beam, the Young’s
modulus, the area moment of inertia of the beam, the transverse force,
the Dirac delta function, and the total length of the beam, respectively.
The boundary conditions are:

h

wo(x) = EWI )
0 | as)
Wi) = 1 - cosl ()

where h is the maximum height of the initial beam (i.e., radius of the
SCMM unit). The general solution can be written as

wx) =Y AWi(x), (5)

, i=1,35, ... (16)
Ni=(i+1)n

the antisymmetric buckling mode is:

2
Wix) =1 — 2%“ - cos(Ni)—lC) +1sinl

N, = 2.86m,

. =246 ... (@17
4.921....

and A; are the weight coefficients that determine the contribution of
each buckling mode to the shape function. Note that A; can be solved
using the variational method*” or the energy method*®.

The effective contact area S in Eqs. (11) and (12) are obtained as
(Section 2 in Supporting Information)
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S=¢-2wh-B, 18)

where B is the width of the electrode and dielectric layers in the SCMM.
¢ is the contact-separation factor give as
hy 1
=2 19
2h 6 19
where hy; is the radius of the cylindrical units in the buckling region (i.e.,
unstable). Taking Eq. (19) into Eq. (18), the effective contact area yields

S = %ﬂ'hB. (20)

Finally, substituting Eq. (20) into Egs. (11) and (12), the total charge
and voltage of the SCMM can be calculated as

Qlowl = nxnyQ(t) (21)
and
Vlolal = nxnyv(t)- (22)

The comparison of the output voltages between the theoretical and
experimental results are provided in Section 2 in Supporting
information.
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