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ABSTRACT    The continuous pursuit of extremely lightweight and multi-functional integrated designs in modern
industries  requires  that  structural  materials  are  not  limited  to  ensuring  the  structural  load-bearing  function  of
lightweight designs; rather, they must have high mechanical properties and high damping capabilities.  Self-healing
materials  are  becoming  popular  because  of  their  attractive  repairability  and  reprocessability.  Dynamic  reversible
bonds, which are included in self-healing polymer networks, have been extensively studied with respect to different
chemical mechanisms. Nevertheless, the ability to reach high stiffness and high damping performance is crucial.  In
this  review,  different  types  of  self-healing  materials  are  introduced,  and  their  complex  and  contradictory
relationships  with  stiffness,  damping,  and  self-healing  properties  are  explained.  This  review  combines  intrinsic
damping sources and extrinsic  deformation driving modes as a  holistic  concept of  material–structure–performance
integrated  design  methodology  to  address  the  extensive  challenges  of  increasing  specific  damping  performance.
Specifically,  the  sources  of  damping  at  the  nanolevel  and  the  deformation-driving  modes  at  different  levels  of
structural hierarchy are explained in depth to reveal the cross-scale coordination between intrinsic damping sources
and  extrinsic  deformation-driven  modes  originating  from  extremely  different  length  scales  in  the  microstructural
architecture  of  a  material.  The  material–structure–performance  integrated  design  methodology  is  expected  to
become  a  key  strategy  for  the  sustainable  development  of  breakthrough  and  transformative  damping  composite
structures for aerospace, terrestrial, and marine transportation.

KEYWORDS    bio-inspired  self-healing  materials, mechanical  properties, damping  mechanisms, multiscale,
structural damping composites, hierarchy

  
1    Introduction

Structural components are the cornerstone of modern
industries, such as the aviation, aerospace, navigation,
automobile,  and  robot  fields;  they  often  operate  in
vibration  environments.  Damping  is  crucial  to
vibration-induced problems, including but not limited
to instrument operation accuracy, vibration and noise
control,  equipment  reliability,  and  service  life  of
components (or machines).

With  the  continuous  pursuit  of  extremely
lightweight  designs  in  some  advanced  high-tech
industries and the rapid development in the direction
of  multi-functional  integration,  such  as  comfort  and

intelligence,  new  challenges  have  been  posed  to  the
engineering  application  of  structural  materials.  This
requires  that  structural  materials  are  not  limited  to
ensuring  the  structural  load-bearing  function  in
lightweight design but also require them to have high
mechanical properties and high damping capabilities.

A  structure–damping  composite  material  (or
structure)  is  the  inevitable  way  to  achieve  the
requirements  of  a  superior  integrated  structure  and
damping  performance.  Classical  structure–damping
composite  structures,  including  free-layer  damping
(FLD)  treatment  and  constrained-layer  damping
(CLD) treatment (left side of Fig. 1), are widely used
in  modern  industries,  such  as  automobiles  and
commercial airplanes [1].

The  FLD  treatment,  where  a  layer  of  viscoelastic
damping  material  is  attached  to  a  base  structure,  is
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tan δ

probably the most successful of the many approaches
to  designing  structure  and  damping  roles  in
engineering structures owing to its ease of fabrication.
Damping  layers  upon  a  strong  yet  low-lossy  base
structure  allows  the  attainment  of  strength  and
damping  in  the  FLD  treatment.  The  effective
damping  capability  ( )  of  the  FLD  treatment
under  tension/compression  or  bending  excitation  can
be expressed as follows [2,3]:
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d tan δd
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b
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where  the  subscripts d and b denote  the  damping
layer  and  the  base  structure,  respectively;  is  the
storage  modulus;  and  denotes  the  thickness  of  the
damping layer or the base structure. According to Eq.
(1), the effective damping capability depends not only
on the damping of the damping layer but also on its
stiffness (or modulus). This can be easily understood.
For  a  damping  material  with  high  damping  but  low
stiffness,  low  stiffness  inevitably  weakens  the
capability  to  store  deformation-induced  mechanical
energy, which then means that the mechanical energy
acting on the damping material  is  small;  as  a result,
although  high  damping  has  excellent  capabilities  of
mechanical  energy  dissipation,  the  total  energy  loss
may also be small,  and correspondingly, the effective
(equivalent) damping of the entire mechanical system
is  low.  However,  a  stiff  yet  lossy  mechanism  cannot
be  easily  designed  because  of  the  conflict  between
stiffness  and  damping  properties  in  traditional
engineering  materials.  Blindly  pursuing  the  highest
performance of damping materials inevitably leads to
unacceptably low stiffness performance. Although the
mechanical  energy  dissipation  process  can  be
accelerated  in  the  damping  material  itself,  the

equivalent damping capacity of the entire mechanical
system  involving  the  damping  material  eventually
weakens rather than the opposite.

Although  the  quest  continues  for  better  lossy
materials,  these  materials  are  nearly  useless  as
damping materials without the appropriate ability to
store  mechanical  energy.  Therefore,  in  structural
applications, a damping layer with high stiffness and
high  damping  (specific  damping  performance)  is
desirable [4–6], and the pursuit of materials endowed
with  extremely  specific  damping  has  long  been  a
major  quest  in  aviation  and  aerospace  engineering.
Unfortunately,  the  stiffness  and  damping  properties
are  generally  mutually  exclusive,  and  their  product
(figure of merit) has a limit for traditional engineering
materials.  With respect to this extremely challenging
problem,  the  attainment  of  high  stiffness  and  high
damping  has  become  a  bottleneck  hindering  the
improvement  of  the  dynamic  performance  of  machi-
nery equipment, especially in aviation, aerospace, and
navigation, which have extremely lightweight require-
ments.

In  practical  applications,  when  a  high-damping
material  does  not  undergo  mechanical  deformation,
the  damping  material  does  not  store  mechanical
energy,  and  no  energy  dissipation  occurs.  That  is,
damping  capability  cannot  be  exerted  without
deformation  of  the  damping  layer.  Various  deforma-
tion  mechanisms  have  been  designed  to  solve  the
problem  in  which  high-damping  materials  need
mechanical  energy  to  excite  and  dissipate  energy.
Traditional  FLD  and  CLD  treatments  are  based  on
stretching  and  shear  deformation  mechanisms,
respectively. However, the damping capability of such
treatments  has  good  vibration  and  noise  reduction
effects only in specific deformation modes.

 

 
Fig. 1    Traditional and emerging damping treatments and their deformation mechanisms.
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With the rapid development of additive manufactu-
ring  technology  [7,8],  complex  configurations  and
their  superior  performance  are  no  longer  a  daunting
problem when material–structure–performance integra-
ted manufacturing techniques are used. Thus, stiff yet
lossy  mechanisms  can  be  explored  in  the  design  of
hierarchical  multiscale  materials  with  carefully
complex crafted microstructures; examples include the
metamaterials  shown  on  the  right  side  of Fig. 1.
When “external  rigidity  but  internal  chaos”
deformation  modes  are  designed,  rational  design
methods,  such  as  the  topology  optimization-based
design method, can be employed to generate complex
crafted  microstructures.  The  incomplete  theoretical
understanding  of  damping  in  multiscale  materials
limits the ability of rational design methods. In terms
of  easing  the  theoretical  concern,  biomimetic  design
methods  and machine  learning-based design  methods
seem  logical  in  generating  highly  complex  crafted
microstructures.  These  recently  designed  microstruc-
tures  with “external  rigidity  but  internal  chaos”
deformation modes (e.g., topology optimization-based
microstructures,  biomimetic  microstructures,  and
machine learning-based multiscale hierarchical lattices
or  metamaterials)  provide  breakthrough  and  trans-
formative  alternatives  to  more  traditional  materials,
such as traditional FLD and CLD treatments.

Polymeric  materials  with  outstanding  physical  and
mechanical properties have become the fourth largest
aerospace  material  after  aluminum,  steel,  and
titanium  alloys  [9].  However,  their  non-reprocessa-
bility  still  limits  the  development  of  engineering
applications.  The  recently  proposed  self-healing
polymeric  materials  can  prevent  potentially
catastrophic  damage  by  intelligently  repairing
themselves,  restoring  all  or  most  of  the  original

properties, thus extending their life [10]. Owing to the
reprocessability of self-healing polymeric materials, in
contrast  to  traditional  thermoset  resins,  they  can  be
recycled  and  therefore  reused.  Furthermore,  the  self-
healing  property  itself  is  a  chemical  reaction  that
requires  the  dissipation  of  energy,  so  it  can  be
exploited  to  improve  damping  capabilities  [11]  (Fig.
2).  Thus,  self-healing  polymeric  materials  can
introduce  a  chemical  damping  mechanism  driven  by
reversible  chemical  reactions,  making  them  ideal
structural damping materials.

Its  practicality  can  also  be  highlighted  by  taking
the vehicle industry as an example. Many steel-based
structural components with damping-layer treatments
in  a  truck,  such  as  a  tuned  viscoelastic  damper,
insulators in brackets, spray dampers on floor panels,
crossbeams,  balanced  suspensions,  stand-off  layer
damping  systems,  and  engine  mounts,  can  find
applications  for  damping  composite  structures
involving  self-healing  constituents  (Fig. 3).  In
addition  to  meeting  the  criteria  for  self-healing,
mechanical  and  damping  performance  requirements,
self-healing materials  enable advanced manufacturing
that  achieves  lightweight  and  integrated  designs,
thereby offering a new class of polymeric materials to
replace traditional thermosetting resins [12,13].

As  mentioned  above,  the  effective  damping
performance  of  a  damped  composite  structure  relies
not  only  on  its  intrinsic  damping  sources  at  the
nanoscale but also on its extrinsic deformation-driving
modes  at  the  macroscale.  However,  most  current
research focuses either on intrinsic damping sources in
materials  science  or  on  extrinsic  deformation-driven
modes  in  structural  design.  That  is,  the  traditional
route of designing effective damping performance is a
material-performance  integrated  method  that

 

 
Fig. 2    Coupling damping performance of self-healing polymeric materials.
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improves  material  damping  in  a  fixed  structure  or  a
structure-performance integrated method that designs
structural  damping  under  the  condition  of  a  fixed
material  damping property.  This  results  in  a  tedious
trial-and-error  approach  that  creates  challenges  in
achieving  the  goal  of  high  specific  damping  perfor-
mance.

This review combines intrinsic damping sources and
extrinsic  deformation  driving  modes  as  a  holistic
concept of  material–structure–performance integrated
design  methodology  to  address  the  extensive
challenges of increasing specific damping performance.
Specifically,  we focus  on the  self-healing  constituents
that have been proven to achieve a surpassingly stiff
yet  lossy  performance.  Learning  from  nature,  the
cross-scale  coordination  between  intrinsic  damping
sources  and  extrinsic  deformation-driven  modes  can
originate  from  noticeably  different  length  scales
(millimeter- to  meter-scale)  in  the  microstructural
architecture  of  composite  structures.  Therefore,  the
sources  of  damping  at  the  nanolevel  and  the
deformation-driving  modes  at  different  levels  of
structural  hierarchy  are  explained  in  depth  so  that
the underlying principles can be understood. 

2    Self-healing materials
 

2.1    Combination of natural and engineering
materials

The concept of self-healing materials started in 1990.
Scientists were inspired by natural organisms such as
humans  and  animals.  When  a  minor  accident  occurs
and  a  wound  appears  on  the  skin,  blood  flows  out,
but  platelets  quickly  cause  the  blood  to  clot,  thus
allowing  the  wound  to  heal.  The  self-healing

phenomenon  also  appears  at  the  macroscopic  level,
such  as  the  rebuilding  of  bones  (Fig. 4),  or  at  the
molecular level, such as DNA repair [15]. Self-healing
is a property of natural living organisms. Inspired by
the natural world, self-healing materials have emerged
and  received  a  great  deal  of  attention  and
development in engineering [16]. 

2.2    Self-healing approaches
 

2.2.1    Extrinsic self-healing

Self-healing  materials  have  been  designed  to  be
extrinsic  or  intrinsic  according  to  self-healing
mechanisms  [17].  Extrinsic  self-healing  materials  are
those  in  which  the  repair  process  depends  on  an
external agent. Generally, microcapsule-based healing
agents  dispersed  in  the  matrix  are  widely  developed
[18–23]. Figure 5 shows  the  insulating  healing  paint
and solid  catalysts  encapsulated in the microcapsule,
which  can  release  liquid  healing  agents  and  repair
cracks.  The  microcapsule  shell  must  be  chemically
compatible with the healing agent, which should also
have a long shelf life and a suitable sealing property.
The microcapsule  walls  must  be sufficiently resistant
to the processing conditions of the matrix [24]. Hollow
fibers  or  thermal  epoxy  particles  can  also  act  as
encapsulation carriers  to  better  match the  properties
of  the  fillers  and  matrix  and  contain  a  more
significant  volume  of  healing  agent  [25,26].  Another
novel  extrinsic  self-healing  mechanism  relies  on  a
vascular  network  system  consisting  of  fibers  or
nanotubes. Similarly, a large amount of repair fluid in
the tube is widely distributed in the structure, but it
can repair all types of composite failure modes at any
point in the structure without destroying some major

 

 
Fig. 3    Potential  applications  of  damping  composite  structures  involving  self-healing  constituents  in  a
commercial vehicle.
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structural properties [26]. The concept arises from the
multi-functional  vascular  network  in  biological
organisms  and  was  initially  developed  in  composite
structures [27–29]. 

2.2.2    Intrinsic self-healing

Intrinsic  self-healing  materials  introduce  reversible
bonds into the structural network. It heals mainly via
dynamic covalent or non-covalent bond breakage and
reorganization  (Fig. 6).  The  topology  of  the  cross-
linked network can be changed by reversible exchange
reactions and is called the dynamic covalent adaptive

network  (CAN)  [31–33].  One  of  the  mechanisms  is
dissociative  exchange  (Fig. 7(a)).  The  dynamic
covalent  bonds  break  into  independent  parts,  which
are  active  and  can  be  restored  under  specific
environmental  conditions,  such  as  light,  heat,  and
catalysis.  The  density  of  the  dynamic  covalent
network  decreases.  Bergman and  Wudl  [34]  designed
a self-healing material based on a thermally reversible
Diels–Alder  reaction.  The  other  mechanism  is
associative exchange (Fig. 7(b)). Dynamic bonds tend
to  form  chemical  bonds  with  each  other,  which  can
also cause the other bonds to break. Montarnal et al.
[35]  used  CAN  in  thermoset  polymers  and

 

 
Fig. 4    Process of self-repair after bone fracture [14].

 

 
Fig. 5    Schematic of the microencapsulated self-repair process: (a) paint coating with microcapsules, (b) curing
agent released to the layer, and (c) a crack healed by the agent [30].
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transesterification at high temperatures to change the
topology  of  the  epoxy  resin  network.  Exchange
reactions are suppressed at ambient temperature, and
the crosslinking density remains unchanged, resulting
in good mechanical properties. It is believed to be the
first  polymer  material  to  combine  thermosetting  and
thermoplastic properties and to enable the self-healing
of crosslinked resins. The rheological behavior of this
polymeric  material  is  similar  to  that  of  glassy  silica,
and  such  glass-like  materials  are  referred  to  as  a
“vitrimer” [36–38].  Different  vitrimers  include
reversible dynamic bonds such as ester bonds [39–47],
disulfide bonds [48–56], diselenide bonds [57–60], and
imine bonds [61–68].

In addition to chemical reactions, the topology of a
network  can  be  rearranged  by  reversible  physical
interactions, i.e., dynamic non-covalent bonds such as
hydrogen  bonds  [69–72],  coordinate  bonds  [73–76],
and π–π stacking  [77–79]  in  the  structure  of  self-
healing  materials.  It  forms  a  combined  and  complex
network and provides improved mechanical properties
and healing efficiency. 

2.2.3    Close-then-heal strategy

Another  approach  developed  for  self-healing  involves
a  biomimetic  close-then-heal  (CTH)  strategy.  In  the
two-step  healing  category  inspired  by  human  skin,
materials  can  repeatedly  close  macroscopic  cracks  at
first,  followed  by  extrinsic  and/or  intrinsic  self-
healing.  The  most  critical  pre-work  is  an  external
assistant that manually contacts the fracture surfaces
before  self-healing.  A  straightforward  idea  for  this
procedure  is  to  utilize  the  shape  memory  effect  as
assistance. Materials with reversible plasticity can be
fully  recoverable  upon  heating,  which  is  one  of  the
normal  ways  to  shape  memory  [80].  However,  the
ability  to  close  cracks  depends  on  the  level  of
programming  and  the  constraint  during  shape
recovery.  The  effects  of  various  design  parameters
(temperature and pre-strain) were shown on the crack
closing  efficiency  with  prior  programming,  laying  a
foundation  for  methods  for  designing  CTH materials
[81–83].  This  healing  form  is  expected  to  improve
macrolength  or  structural  damage;  it  is  also
considered a future trend in comprehensive healing. 

 

 
Fig. 6    (a)  Dynamic  bond  breakage  at  the  fracture  surface,  (b)  dynamic  bond  reconnection  after  surface
contact, and (c) final repair of the fracture surface [16].

 

 
Fig. 7    Schematic of (a) dissociative exchange and (b) associative exchange [31].
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3    Challenges for self-healing materials
in various applications

Self-healing is popular in material science for specific
types,  such  as  polymer  composites  [84–89],  coatings
[90–96],  cement  [97–101],  ceramics  [102–104],  organic
dyes  [105,106],  concrete  [18–20,107–109],  and  hydro-
gels  [110–114].  Meanwhile,  with  the  development  of
modern high-tech equipment in the direction of multi-
functional  integration,  lightweight  features,  comfort,
and  intelligence,  new  challenges  are  posed  to  the
structural  design  of  self-healing  materials,  which
require  high  stiffness  and  high  damping  performance
under  the  action  of  a  wide  and  dense  frequency
spectrum  [115].  However,  self-healing  is  often
improved  at  the  expense  of  improved  mechanical
properties. The stiffness and damping of materials are
also  contradictory.  The  development  of  self-healing
materials in modern engineering applications revolves
around  the  trade-off  between  these  conflicting
properties. 

3.1    Conflict between mechanical and self-healing
properties

The  resin  structure  is  a  three-dimensional  network
formed  by  the  physical  or  chemical  crosslinking  of
polymer  chains.  Naturally,  the  chains  are  in  a
disordered  state  with  high  conformational  entropy.
However, after deformation caused by stretching, the
structural  order  increases  at  different  levels  (Fig. 8),
which  decreases  the  overall  conformational  entropy.
The  mechanical  energy  from  material  deformation
must  be  converted  into  molecular  potential  or
thermal  energy.  Otherwise,  the  material  breaks
internally and creates new interfaces to dissipate the
excess energy [116]. Structures with high stiffness and

high damping then require  strong crosslinks  to  resist
the  risk  of  potential  damage  from  external  forces.
However, most of the dynamic bonds required for self-
healing  have  a  lower  bond  energy  and  preferentially
break  after  deformation.  In  general,  an  excessive
number  of  dynamic  bonds  weakens  the  mechanical
properties, especially the stiffness, of the CAN. 

3.2    Conflict between the stiffness and damping
properties

Stiffness refers to the ability of a material or structure
to  resist  elastic  deformation  when  subjected  to  a
force,  whereas  damping  physically  refers  to  the
transformation  or  dissipation  of  energy  via  inelastic
deformation.  These  methods  are  seemingly
contradictory. For example, when a force is applied, a
material  structure  with  higher  stiffness  usually
produces minor deformations with low levels of energy
dissipation  and  poor  damping  performance.  Thus,  a
performance index needs  to  be developed to describe
the combination of stiffness and damping.

Let  us  take  a  quick  review  of  the  constitutive
models  for  a  viscoelastic  material  with  damping
capacity,  aiming  to  identify  a  suitable  evaluation
index. First, consider an isotropic viscoelastic material
under  small  deformation  conditions.  A  generic  one-
dimensional  stress–strain  system  can  be  given
according  to  Boltzmann’s  superposition  principle  as
follows:
 

σ (t) =

∫ t

−∞
E (t− τ)

∂ε (τ)

∂τ
dτ , (2)

σ(t) ε(t)

E(t)

where  and  are  the  stress  and  strain
component histories, respectively, and  represents
the  characteristic  relaxation  function  in  the  time
domain.  For  a  standard  linear  solid,  the  dynamic

 

 
∆Q

σ
Fig. 8    Schematic  of  the  microscopic  conformation  change  in  a  polymer,  where  denotes  the  dissipating
energy, and  denotes tensile stress.
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function  exhibits  a  relaxation  that  is  exponential  in
time (i.e., the Zener model).
 

E(t) = E0 + E∞ exp(−t/τ), (3)

τ E0

E∞

where  is  the  relaxation  time,  is  the  relaxed
modulus,  and  is  the  balance  modulus.  For
polymers, however, the mechanical relaxation process
may  have  more  than  one  relaxation  time.  This
relaxation  behavior  is  widely  characterized  via  the
generalized Maxwell model.
 

E(t) = E0 +
n∑

i=1

δEi exp(−t/τi), (4)

δEi

n → ∞ τ

g(τ)

where  is  the  relaxation  contribution  of  each
relaxation  process.  Furthermore,  the  relaxation  time
(Eq.  (4))  eventually  becomes  a  continuous  spectrum
because  of  the  number  of  similar  thermodynamic
equilibrium  states  and  multiple  energy  levels  in  the
polymer  network.  This  phenomenon  leads  to  a  case
where  such  that  follows  a  certain
distribution  of .  According  to  relaxation  time
distribution  theory,  the  relaxation  spectrum  model
can be written as
 

E(t) = E0 + δE

∫ ∞

0

g (τ) exp(−t/τ)dτ. (5)

E(t)

E∗

Considering  the  mechanical  properties  in  dynamic
tests,  materials  are  subjected  to  steady-state
oscillatory  forcing  conditions.  Thus,  the  kernel
function  in the different models can be converted
by its Fourier transformation to the so-called complex
modulus  as follows:
 

E∗(jω) = E′(ω) + jE′′(ω), (6)

E′(ω) E′′(ω)
j ω

tan δ = E′′(ω)/E′(ω)

E′′(ω)

where  is the storage modulus,  is the loss
modulus,  is  the  imaginary  sign,  and  denotes  the
angular frequency. The storage modulus characterizes
the  energy  stored  in  a  material  due  to  elastic
deformation  and  is  often  employed  to  represent  the
stiffness  performance  in  dynamics.  Additionally,

 is  defined  as  the  loss  factor,
which  characterizes  the  damping  performance  of
materials. Other nomenclatures can be used to denote
damping,  such  as  the  damping  ratio,  loss  angle,  log
decrement,  and  quality  factor.  They  can  be
transformed  into  each  other  in  the  case  of  low
damping.  Bert  [117]  reviewed  various  mathematical
models  and  mechanisms  of  damping  related  to  other
mechanical properties. Here,  is used as a figure
of  merit  as  the  product  of  the  modulus  and  loss
factor,  which  often  evaluates  the  combined
performance  of  stiffness  and  damping  as  a  guide  for
structural design.

Figure 9 shows the storage modulus and loss factor
of  common  materials.  The  metal  material  occupies

the upper left corner of the figure (i.e.,  high stiffness
and  low  damping).  In  contrast,  the  elastic  material
occupies the lower right corner (i.e., low stiffness and
high  damping).  The  figure  of  merit  for  traditional
materials is less than 0.6 GPa.
 
 

 
E′

tanδ
Fig. 9    Distribution  of  the  storage  modulus 
and  loss  factor  of  engineering  and  biological
materials  at  ambient  temperature,  data  collected
from Ashby [118].

 

Notably,  as  a  structural  material  of  animals,  bone
can reach a loss modulus of 0.6 GPa. It constructs its
microstructure features at multiple levels, achieving a
surpassing  level  of  stiff  yet  lossy  performance.  As
nature  has  inspired  high-tech  materials  with  self-
healing  properties,  the  design  principle  of  multilevel
structures  can  be  learned  from  the  unique  bio-
architecture  of  bones  (Fig. 10).  In  engineering,  the
structural  damping  composites  proposed  in  recent
years  combine  the  high  damping  properties  of
viscoelastic  materials  with  the  high  strength  and
stiffness  of  structural  materials  [119].  Their  damping
is the hysteresis effect of component structures, which
is  caused  by  the  stick–slip  effect  after  the  influx  of
many particles into the material structure, leading to
irreversible  dissipation  via  inelastic  deformation.
Inspired  by  structural  damping  materials  (bones)  in
nature,  stiff  yet  lossy  properties  can  be  further
improved  toward  the  best  performance,  as  shown  in
Fig. 9,  when  the  principle  of  structural  design  of
composites is applied. 

3.3    Relationships among self-healing, stiffness, and
damping properties

The  high  self-healing  performance  of  a  material
requires  the  introduction  of  many  dynamic  bonds,
which  tend  to  be  more  inclined  to  break  when
subjected  to  external  forces,  resulting  in  worse
stiffness. At the same time, numerous dangling chains
are  introduced  into  the  structure  and  crosslinked
physically. It improves the dynamics and mobility of
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the  chains,  so  the  damping  properties  tend  to  be
superior.  A  conceptual  perspective  of  this  triangular
relation  of  self-healing,  stiffness,  and  damping
properties is shown in Fig. 11.

max (tan δ)
tan δ > 0.7 ·max (tan δ)

Presently,  the  predominant  focus  in  the  advance-
ment  of  self-healing  materials  revolves  around
prioritizing  the  enhancement  of  recovery  efficiency,
followed  by  mechanical  properties.  The  balance
between  the  structural  stiffness  and  damping
properties  has  yet  to  be  reported,  which  severely
limits the controllable design and optimization of the
comprehensive performance of self-healing composites.
Here,  we  reviewed the  current  research on vitrimers,
complemented by a limited but insightful exploration
of  a  few  structures  in  the  context  of  stiffness  and
damping  mechanisms.  The  recoverability  of  these
materials is also included. Stiffness is characterized by
the elastic modulus or the maximum storage modulus
under dynamic conditions,  and damping is  evaluated
by the peak loss factor  or the temperature
range when . 

4    Energy dissipation mechanisms at
different levels

The  effective  damping  performance  of  a  damped
composite  structure  relies  not  only  on  its  intrinsic
damping  sources  at  the  nanoscale  but  also  on  its
extrinsic  deformation-driving  modes  at  the
macroscale. Furthermore, the cross-scale coordination
between  intrinsic  damping  sources  and  extrinsic
deformation-driven  modes  can  originate  from  the
microstructural  architecture  at  noticeably  different
length scales from the microscale to the macroscale.

At the nanolevel, the intrinsic damping sources can

be  divided  into  three  main  aspects:  plastic  damping,
viscoelastic  damping  (physical  crosslinks),  and
chemical damping. Plastic damping (Fig. 12(a)) refers
to  conventional  material  structures  in  which
molecular  chains  are  originally  entangled,  and  after
plastic  deformation,  when  the  structure  is  subjected
to  external  excitation  or  vibration,  the  molecular
chains  undergo  irreversible  fracture  and  dissipate
energy.  Studies  of  hydrogels  showed  that  chain
fracture  is  the  typical  energy  dissipation  mechanism,
and  the  classical  Lake–Thomas  theory  prediction
model  for  the  intrinsic  fracture  toughness  of
elastomers  can  be  used  for  chain  fracture  energy
calculations  [121–126].  Another  mechanism  is
viscoelastic  damping  (Fig. 12(b)),  in  which  the
molecular  chains  in  the  structure  can  reform  after  a
break.  When  mechanical  energy  is  applied,  this
reversible  physical  connection  breaks,  forming  many
dangling chains that undergo slip, entanglement, and
diffusion,  i.e.,  internal  friction  between  molecular
chains.  The different physical  crosslinking points can
subsequently  automatically  lap  to  restore  an
equilibrium  state,  thus  dissipating  the  mechanical
energy.  Notably,  physical  crosslinking  is  achieved  by
introducing  dangling  chains  and  reversible  non-

 

 
Fig. 10    Multiscale hierarchical structure of bone [120].

 

 
Fig. 11    Triangular  relationships  among  self-
healing, stiffness, and damping.
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covalent  bonds  to  achieve  automatic  scission  and
formation.  However,  for  self-healing  vitrimers  based
on reversible covalent chemical bonds, a new intrinsic
damping source arises:  the chemical damping mecha-
nism  (Fig. 12(c)).  It  differs  from  plastic  damping  in
that the particles are connected by dynamic chemical
bonds,  and  its  scission  and  formation  process  is
reversible;  however,  the  difference  with  viscoelastic
damping  is  that  the  reversible  reaction  requires
agitation  from  various  environments,  such  as
temperature, light, and ionic strength.

At  larger  scales,  the  interfacial  interaction  plays  a
crucial  role.  As  shown  in Figs. 12(d)–12(f),  the  filler
at  the  microlevel  (carbon  nanotube  [CNT])  can
introduce  more  interfaces,  accompanied  by  the
scission  and  reformation  of  physically  crosslinked
chains  in  the  network.  Although  there  are  internal
forces  between  the  interfaces,  the  equilibrium  state
can  be  reached  by  mutual  complementation,
interaction,  and  consistency.  The  strain  generated
here  is  elastic.  However,  when  external  forces  cause

additional  inelastic  strains,  the  system  is  in  a  non-
equilibrium  state.  The  stress  jump  occurs  at  the
interface  due  to  the  different  elastic  moduli  between
the  filler  and  matrix.  Thus,  a “driving  force” for
relaxation  is  generated,  which  can  lead  to  adhesion,
slip,  and press-in effects  between the interfaces,  thus
providing  sufficient  interfacial  damping  to  increase
dissipation.  A  variety  of  characteristic  substructures
can  be  constructed  at  the  level  of  mesostructural
design,  such  as  cellular  structures  and  artificial  fiber
composite  structures  (Figs. 12(g)  and 12(h)).  The
neighboring substructures are close to the degenerate
energy  state.  When  excited  by  a  load,  the  energy
barriers  can  be  overcome  by  strain  energy  between
the  degenerate  energy  levels,  and  the  jumping  effect
can enhance the dissipation performance.  The design
of  a  specific  structure  at  the macrolevel,  followed by
the  design  of  a  specific  damping  composite  structure
(Figs. 12(i)  and 12(j)),  is  the  key  to  cascading  the
excitation of dissipation at each scale.

Table 1 shows  the  differences  across  length  scales.

 

 
Fig. 12    Dissipation  mechanisms  at  different  levels.  (a)  Plastic  damping,  (b)  physical  damping,  and  (c)
chemical damping refer to the damping sources at the nanolevel. Interfacial interactions, including (d) adhesion, (e)
press-in,  and  (f)  slip  effects,  refer  to  interfacial  damping  at  the  microlevel.  Interactions  between  substructure
structure-level  designs,  such  as  (g)  cellular  structures  and  (h)  fiber  reinforcement  at  the  mesolevel.  A  practical
application of macrostructural design on the (i) cab door, with (j) free damping layers laid over it.
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Plastic  damping,  viscoelastic  damping,  and  chemical
damping  at  the  molecular  level  correspond  to  the
mechanisms  of  damping  generation  at  high
frequencies  and  the  sources  of  energy  dissipation  at
the smallest  scale.  The incorporation of  fillers  at  the
microlevel  is  characterized  by  interfacial  interactions
that  stimulate  dissipation  without  sacrificing
mechanical  properties  or  structural  integrity
[127,128].  Interfaces  are  also  important for  mesoscale
substructures  composed  of  different  material
components, which can combat the premature failure
of  composites  and  increase  energy  dissipation  by
deflecting  cracks.  The  main  difference  is  that
structural  integrity  is  not  guaranteed  and  tends  to
interact  between  substructures,  resulting  in
anisotropy.  The  macroscopic  structural  design  is
concerned  with  the  objective  multi-performance
requirements and damping structures to maximize the
excitation of the dissipation properties of the damping
material  at  all  levels  under  deformation.  The
dissipation mechanisms of each level are discussed in
detail in the following subsections. 

4.1    Chain scission and formation at the nanoscale

The origin  of  energy dissipation of  a  material  at  the
molecular  level  can  be  stated  in  terms  of  the
characteristics of the material itself. The stress–strain
curve  of  an  inelastic  material  is  shown in Fig. 13.  It

∆Q

deviates  significantly from the ideal  elastomer at  the
working stress,  and the  strain  characteristic  is  called
hysteresis.  Here,  crosslinks  and  dynamic  bonds  are
broken  after  loading  but  reformed  after  unloading,
remaining at equilibrium. However, during a dynamic
load, the stress–strain curve forms a loop (Fig. 14(a)),
while  the  material  is  at  non-equilibrium,  and  the
mechanical  hysteresis  indicates  the  energy  absorbed
during  the  loading  and  unloading  cycles.  The  area
enclosed  by  a  hysteresis  loop  represents  the  exact
amount of energy dissipation  per unit volume of
material in one cycle, that is,
 

∆Q =

∮
σ(t)dε(t) =

∮
σ(t)

∂ε(t)

∂t
dt. (7)

In polymers, chain segment motion during the glass
transition requires overcoming internal friction, which
essentially  involves  the  scission  and  reformation  of
physical  crosslinks  at  the  nanolevel.  For  self-healing
networks  containing  dynamic  bonds,  the  heteroge-
neity  of  motion  units  increases,  and  it  reaches  a
higher  level  of  diversity,  resulting  in  additional
relaxation  components.  Thus,  Eq.  (2)  can  be
rewritten for chemical damping as follows:
 

σ(t) =

∫ t

−∞
[Ephy(t− τ) + Eche(t− τ)]

∂ε(τ)

∂τ
dτ , (8)

Ephy Echewhere  and  denote  the  relaxation  functions
for  viscoelasticity  of  the  polymer  itself  and  chemical
reactions  of  the  dynamic  bonds,  respectively.
Relaxation  is  exactly  dependent  on  the  temperature.
The  temperature  dependence  of  the  relaxation  time
follows the Arrhenius equation:
 

τ

τ0
= exp

[
Ea

R

(
1

T
− 1

T0

)]
, (9)

Ea R

τ0
T0

where  is the activation energy of relaxation,  is
the  gas  constant,  is  the  reference  relaxation time,
and  is  the  reference  temperature  in  Kelvin.
Another relationship between the relaxation time and
temperature is  given by the WLF equation, which is
only  applicable  above  the  glass  transition  tempera-
ture.
 

log
(

τ

τ0

)
=

C1 (T − T0)

C2 + (T − T0)
, (10)

C1 C2where  and  are  the  parameters.  At  each

 

Table 1    Differences in the individual scales of hierarchical structures
Scale Spatial characteristics Mechanisms Applications

Nanoscale Discrete Plastic, physical, and chemical damping (damping sources) Self-healing polymers

Microscale Discrete-continuous Adhesion, press-in, and slip effects (damping excitation) Nanocomposites

Mesoscale Continuous Adhesion, press-in, and slip effects (damping excitation) Structural materials

Macroscale Continuous Adhesion, press-in, and slip effects (damping excitation) Structural systems

 

 
Fig. 13    Hysteresis  loop  caused  by  inelastic
deformation at equilibrium and schematic of the state
of chain scission and formation.
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ωtemperature,  the  angular  frequency  of  relaxational
motion  is  equal  to  that  of  the  dynamic  force.  This
variable  can  be  expressed  as  the  inverse  of  the
relaxation time as follows:
 

ωτ = 1. (11)

These expressions are related to time and frequency
with respect to the dynamic viscoelastic properties of
a polymer, known as time–temperature superposition.

In  self-healing  polymers,  the  extra  relaxation
behavior is induced by dynamic bonds, which can be
described by the same kernel function as the polymer
viscoelastic relaxation function (Eq. (3)). Its tempera-
ture  dependence  also  follows  the  Arrhenius
relationship.  More  descriptively,  self-healing  dynamic
bonds result in a greater variety of chain scissions and
formations,  increasing  the  diversity  of  relaxation
motions,  which  also  results  in  additional  chemical
damping.  The  abovementioned  expressions  suggest
that  the  coupling  of  viscoelastic  relaxation  (physical
damping) and exchange reactions (chemical damping)
not only increases the peak value of the loss but also
broadens  the  damping  effective  temperature  (or

frequency) range. As shown in Figs. 14(b) and 14(c),
epoxy  resins  containing  disulfide  bonds  and  self-
healing  functions  (MDS-EPO)  possess  higher  loss
factors  and  wider  damping  temperature  ranges  than
epoxy  resins  without  dynamic  bonds  (MDA-EPO).
Increasing  the  number  of  implanted  intramolecular
hydrogen bonds in a self-healing polymer network has
obvious advantages in terms of stiffness and damping
(Figs. 14(d) and 14(e)). 

4.1.1    Chemical damping via dynamic covalent
exchange

Berne  et al.  [40]  designed  a  self-healing  polymer
based on transesterification exchange with a recovery
rate  of  87%.  The  prepared  epoxy  resin  based  on  the
di-glycidyl ether of bisphenol A (DGEBA) possessed a
wider  damping  temperature  range  after  self-healing,
increasing  the  peak  loss  factor  from  0.7  to  1.0.
Conversely,  its  modulus  decreased,  confirming  the
relationship between stiffness and damping. Lu et al.
[41] prepared a self-healing epoxy resin using phthalic
anhydride  as  a  hardener  with  an  elastic  modulus  of

 

 
Fig. 14    (a) Hysteresis loop caused by inelastic deformation at non-equilibrium and schematics of the step-by-
step breakage and connection of  physical  crosslinks and chemical  bonds at non-equilibrium. (b) Schematic of  the
chemical  structures  of  MDS  with  disulfide  bonds  and  MDA  without  dynamic  bonds  and  (c)  comparison  of  the
material  properties  [53].  (d)  Schematic  of  the chemical  structure of  the self-healing material  MG, which contains
more hydrogen bonds than the other material SG, and (e) comparison of the material properties [129].
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1.8 GPa, a loss factor exceeding 0.6, and a self-healing
efficiency of up to 88.1%. Xu et al. [42] reported that
as  the  mint  diamine  (MDA)  content  in  a  polymer
increases,  the  number  of  active  amino  hydrogen
atoms it also contains increases rapidly. Hydrogen can
form  reversible  bonds  with  the  epoxy  group  of  tung
oil-based  tri-glycidyl  ester  (TOTGE),  increasing  the
internal  consumption of  the  structure  and improving
the  healing  efficiency,  resulting  in  an  increase  in  the
loss  factor  from  0.78  to  0.95.  Azcune  et al.  [49]
prepared  self-healing  epoxy  resins  based  on  rigid
DGEBA  and  flexible  di-glycidyl  ether  of  poly
(propylene  glycol).  The  peak  loss  factor  of  the
polymers  increased from 0.97 to  1.62  with increasing
content of the flexible structure, which promoted the
viscous  flow  of  the  chain.  The  imine  exchange,  also
known  as  the  Schiff  reaction,  consists  of  two
processes:  polymerization,  hydrolysis,  and  exchange
[130].  Therefore,  imines  also  have  the  potential  to
establish  DCANs.  Rashid  et al.  [61]  prepared  two
epoxy  resins  containing  imine  bonds  via  two
aldehydes  (VAN  and  SYR)  and  bis-aminomethyl
cyclohexane (BAC) with a recovery efficiency close to
100%.  Given  the  rigid  structure  contained  in  their
components  and  the  non-coplanar  structure  of  BAC,
which  increases  the  friction  between  the  molecular
chains, materials with a high loss modulus close to 0.4
GPa and a storage modulus of approximately 3 GPa
were obtained.

Most  polymers  rely  on  the  introduction  of “soft
matter” with  reversible  bonds  for  their  healing
properties,  whereas  the  stiffness  depends  more
strongly  on  the  matrix  structure.  However,  the
rigidity  and  flexibility  of  each  component  are
different,  which  can  effectively  broaden  the  glass
transition temperature range and damping properties
of the polymer. Yu et al. [63] prepared an epoxy with
dynamic  imine  covalent  exchange  by  curing  the
structure  of  vanillin  (Van-Ep)  with  isophorone
diamine (IPDA). The loss factor peak domain of Van-

Ep is wider because of the greater stiffness of vanillin.
The  difference  in  molecular  motility  promotes  the
mutual  hysteresis  effect  between  the  components
(Fig. 15), reaching a maximum loss factor of 1.8 and
a  healing  efficiency  of  100%.  In  addition,  Denissen
et al.  [64]  improved  the  dissipative  capacity  of  the
prepared  materials  by  polymerizing  cyclohexane  di-
methanol  bis-acetoacetate  with  amine,  resulting  in  a
fast  reversible  reaction,  short  relaxation  time,  and
high density of dynamic bonds. The materials possess
a  storage  modulus  of  2.4  GPa  and  a  loss  factor  of
approximately  1.25  and  restore  100% of  their
mechanical  performance  after  several  remodeling
cycles. Huang et al. [131] prepared self-healing epoxy
resins  with a  homogeneous sea-island structure  using
polyethylene wax and epoxy resin blends.  They used
the  crosslinked  structure  of  the  epoxy  resin  as  the
continuous  phase  and  the  polyethylene  wax  as  the
dispersed phase and were also able to achieve a high
loss factor of 1.1. 

4.1.2    Physical damping via physical non-covalent
exchange

Viscoelastic  damping  occurs  in  nearly  all  of  the
polymers.  However,  there  is  a  special  physical
connection called dynamic non-covalent bonding. For
example,  hydrogen  bonding  interactions  are  common
intermolecular  forces  in  self-healing  polymers.
Molecular  structures  can  self-repair  damage  due  to
the  recombination  of  hydrogen  bonds  (Fig. 16).  The
energy  of  a  single  hydrogen  bond  is  weak,  and  most
self-healing polymers based on hydrogen bonding have
been  studied  for  elastomers  and  flexible  electronics
[88,89,132–134]. However, the juxtaposition of duplex,
triplex,  and  quadruplex  hydrogen  bonds  can  quickly
form  a  reversible  hydrogen  bonding  network
structure,  substantially  improving  the  mechanical
properties  of  the  structure.  Guadagno  et al.  [135]
functionalized  multi-walled  CNTs  (MWCNTs)  with

 

 
Fig. 15    Comparison of the mechanical properties of Van-EP and E51-EP, where E51-EP is the control group
without dynamic bonds [63].
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thymine and barbituric acid, which can be covalently
bonded  to  CNT walls  as  hydrogen  bond  donors  and
acceptors,  providing  dynamically  exchangeable
functionality  and  allowing  better  packing  dispersion.
Then, a hydrogen bonding supramolecular network is
formed.  When  subjected  to  external  forces,  the
hydrogen network is disrupted, reformed, and absorbs
a  large  amount  of  energy,  leading  to  increased
molecular chain motion. Materials with different CNT
contents  have  excellent  mechanical  properties,  with
energy storage moduli between 2 and 3 GPa at room
temperature and loss factors close to 0.6, but the self-
healing efficiency ranges from 50% to 54%.

In  addition,  two  or  more  non-covalent  bonds  of
different  strengths  have  been  introduced  into
polymers.  The  weaker  non-covalent  bonds  impart
energy-dissipating  properties,  and  the  stronger  non-
covalent  bonds  enhance  the  material’s  mechanical
properties. For example, metal coordination bonds are
special  non-covalent  bonds  widely  considered  among
the  most  robust  supramolecular  interactions.  Metal
coordination occurs mainly by self-assembly, with the
metal at the apex linked by rigid or semi-rigid organic
ligands.  It  is  much  stronger  than  other  non-covalent
interactions  and  is  reversible,  thus  compensating  for
the  disadvantages  of  reversible  covalent  and  non-
covalent  bonds  [137].  Metal–ligand  bonds  are  often
used to construct self-healing elastomers. Wang et al.
[138]  introduced  the  coordination  interaction  of
diamide  pyridine  and  Fe3+ into  polyurethane  and
obtained  self-healing  polyurethanes  with  up  to  100%
self-healing  efficiency.  In  addition,  Burattini  et al.
[77] combined  hydrogen  bonding  and  π–π stacking
mechanisms to achieve self-repair of polyurethanes. A
hydrogen-bonded  supramolecular  network  was
introduced to form a hybrid copolymer system with a
recovery rate of more than 95%. The damping of the
supramolecular structure is due to the influence of the
two  superimposed  networks,  which  results  in  good

performance,  with the  loss  factor  reaching 0.5  in  the
low-frequency region. 

4.1.3    Plastic damping via chain fracture

The  plastic  damping  mechanism  requires  that  the
molecular chains in the process zone can be fractured
effectively.  In  practice,  many  molecular  chains  of
relatively short length are usually introduced into the
polymer  structure  to  promote  fracture  [139–141].
When the structure is deformed, the short chains can
be  irreversibly  ruptured  (Fig. 17(a))  to  dissipate
mechanical  energy. Figure 17(b)  shows  the  stress–
strain curves of  plastic materials  at equilibrium. The
strain  after  unloading  is  due  to  the  irreversible
fracture of chains. 

4.2    Interaction of interfaces with the matrix at the
microscale

At  the  microscale,  a  composite  material  with  a
surpassing  interface,  which  provides  abundant
extrinsic  deformation-driving  modes,  is  the  key  to
improving  damping  performance.  It  can  combine  the
stiffness  and  damping  properties  of  the  matrix  and
filler, and the filler–filler and filler–matrix interactions
can increase the hysteresis and internal dissipation of
the structure, thus enhancing the damping properties.
High-performance  and  controllable  interfaces  can  be
obtained  by  selecting  zero-dimensional  (e.g.,
nanospheres  [142–144]  and  diamond  nanoparticles
[145–147]), one-dimensional (e.g., CNTs [148–150] and
boron  nitride  nanotubes  [151–153]),  and  two-
dimensional (e.g., graphene [154–156], graphene oxide
[157,158],  and  clay  nanosheets  [159])  nanomaterials
with  lightweight,  high-strength,  and  high-stiffness
characteristics  as  nanofillers  for  composite  materials.
The  matrix  and  the  filler  and  its  surface  constitute
several  interfacial  layers  (Fig. 18).  The  interfacial

 

 
Fig. 16    Cutting and healing process of reversible hydrogen bonds [136].
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interactions  can  be  attributed  to  entanglement,
chemical  bonding,  electrostatic  adsorption,  and
mechanical  self-locking,  which  add  great  entropic
forces  to  the  structure  and  effectively  transfer  the
stress from the matrix to the stiffer filler.

Figure 19(a)  is  presented  to  provide  an  intuitive
explanation.  Interfacial  damping  includes  covalent
bonds,  van  der  Waals  (vdW)  interactions,  and
interlocking  between  the  filler  (e.g.,  CNTs)  and  the
matrix,  which  play  a  major  role  [163],  while  the

 

 
Fig. 17    (a)  Schematic  of  irreversible  breaks  between molecular  chains.  (b)  Hysteresis  loop  caused  by  plastic
deformation.

 

 
Fig. 18    SEM images of the interface with (a) nanoparticles, (b) CNTs, and (c) graphene [160–162].

 

 
Fig. 19    (a) Schematic representation of damping from the interface and matrix during loading. (b)(c) stress–
strain  curves  of  the  corresponding  steps.  (d)  Temperature-dependent  diagram  of  the  loss  factors  of  the  vitrimer
matrix (black curve), the vitrimer with long MWCNTs (red curve), and the vitrimer with short MWCNTs (blue
curve) [5]. vdW: van der Waals force.
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viscoelasticity of the matrix also contributes to energy
dissipation. After the dynamic loading is applied and
the  critical  stress  is  reached  (2  and  3  in Fig. 19(a)),
the  interface  debonds  with  irreversible  disruption  of
covalent  bonds,  leading  to  sliding  and  dissipation.
Then, the physical interactions continue to break, and
the energy dissipates with the slip at the interface (3
and  4  in Fig. 19(a)).  When  the  load  is  reversed  and
cycled  back  and  forth,  the  dissipation  process  is
similar  (4–7  in Fig. 19(a)).  During  the  process,  vdW
and  interlocking  are  disrupted,  leading  to  inelastic
deformation of the viscoelastic matrix along with the
breakage  and  formation  of  molecular  chains  at  the
nanolevel,  and viscoelastic damping or even chemical
damping is  excited.  This  characteristic  is  also  shown
in  the  stress–strain  curves  in Figs. 19(b)  and 19(c).
Energy  dissipation  at  the  microscopic  level  couples
the  interfacial  damping  and  viscoelastic  damping  of
the matrix, which involves a damping mechanism at a
smaller  scale.  The  effects  of  different  MWCNTs  on
the  mechanical  properties  of  self-healing  materials
were  studied  (Fig. 19(d)),  and  the  loss  factor  of  the
self-healing epoxy resin was significantly improved by
the introduction of nanofillers. 

4.2.1    Nanoparticles

Common  nanoparticles  include  TiO2,  SiO2,  CaCO3,
and  montmorillonite.  Liu  et al.  [43]  prepared  an
epoxy based  on  β-hydroxy  ester  bonds  with
functionalized silica reinforcement called Esilica (Fig.
20).  Given  the  multiple  reactive  sites  on  the  Esilica
surface,  there  might be molecular  chains  attached to
the  surface.  The  contact  area  between  the
nanoparticles  and  the  matrix  is  relatively  small,
leading  to  a  weak  interface  effect.  The  mobility  of
those attached chains is  reduced, and it is  extremely
difficult  for  them  to  participate  in  relaxation.
Therefore,  a  higher  crosslinking  density  leads  to

greater  stiffness,  whereas  a  longer  relaxation  time
results  in  a  lower  peak  loss  factor  but  a  wider
effective  loss  range.  Barabanova  et al.  [164]  tested  a
self-healing  silica  composite  and  demonstrated  a
similar  effect  of  nanoparticles  on  the  mechanical
properties of the composite (Fig. 20(b)). Furthermore,
a vitrimer with thiol group-functionalized silica with a
high modulus of 2 GPa and a high healing efficiency
of  80% was  tested,  but  the  loss  factor  was  only
approximately 0.5 [54]. 

4.2.2    CNTs

CNTs possess  excellent  mechanical  properties.  It  can
absorb  many  molecular  chains  and  connect  them  to
the  matrix  to  form  an  effective  interfacial  region.
However,  CNTs  are  highly  prone  to  aggregation,
leading  to  stress  concentration  and  a  decrease  in
structural  properties.  One of  the  critical  issues  to  be
addressed when incorporating CNTs into polymers is
to improve their dispersion to achieve good interfacial
properties and improve their  structural  and damping
properties.  Zhou  et al.  [50]  designed  an  epoxy  resin
based  on  disulfide.  They  introduced  polypyrrole-
modified  MWCNTs,  which  were  more  uniformly
dispersed in the polymer network, to obtain a storage
modulus  of  2.2  GPa  and  a  maximum  loss  factor  of
approximately  0.9.  Yang  et al.  [39]  used  polymers
with  intrinsic  microporosity  to  enable  better
dispersion  of  MWCNTs  in  self-healing  epoxy  resin,
which increased the elastic modulus of the material to
1.7  GPa,  with  a  maximum  loss  factor  of
approximately  1.75.  Meanwhile,  the  photothermal
properties  of  the  CNTs  can  catalyze  the  healing
reaction,  with  an  efficiency  of  80%.  Xu  et al.  [11]
prepared  a  surpassing  damping  and  modulus
nanocomposite  with  CNTs  based  on  a  self-healing
epoxy and established a damping model  to recognize
the  relaxation  time  spectrum  of  the  composite.  In

 

 
Fig. 20    (a) Schematic of a silica-enhanced network structure and some welded joints on the silica surface [43].
(b) Comparison of loss factors before and after the addition of silica nanoparticles to a vitrimer [164].
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addition to the high modulus and high loss factor, the
damping peak is also characterized by a considerable
width,  leading  to  a  substantial  increase  in  the
effective frequency range (Fig. 21).
  

 
Fig. 21    Frequency-dependent loss factors of self-
healing  epoxy  (shown  as  EP3:1 in  the  figure)  with
different contents of CNTs [11]. 

4.2.3    Graphene

Graphene is a typical two-dimensional nanofiller with
extremely  high  physical  strength  and  is  the  thinnest
and most rigid material in the world. Graphene has a
vast  surface  area  and  high  elastic  modulus  and  is
nearly  equal  to  a  rigid  body  within  the  polymer
matrix.  Thus,  the  intact  interface  formed  would
mainly  bear  the  tensile  load  on  the  polymer,  and
interfacial  adhesion  becomes  the  predominant
mechanism for graphene reinforcement [165]. Katsiro-
poulos et al. [166] reported that the loss modulus and
loss  factor  increased  considerably  with  increasing
graphene nanoplatelet content and that the frequency
dependence was negligible. Yang et al. [45] developed
a  shape-memory  graphene/vitrimer.  The  graphene
surface  is  rough,  and  its  frictional  dissipation  and
microcrack extension resistance are more pronounced
than  those  of  smooth-surface  pure  epoxy.  Moreover,
its  good  dispersion  and  lubricity  help  load  transfer
from  the  polymer  to  graphene,  promoting  more
significant  deformation  and  shape  reconfiguration.  A
modulus  of  approximately  2  GPa,  a  high  loss  factor
near 2.0, and a healing efficiency close to 100% were
achieved.  Li  et al.  [167]  also explored the synergistic
effect  of  graphene  and  CNTs  in  a  self-healing
polyurethane.  As  more  CNTs  are  incorporated,  they
form  a  spatial  structure  and  optimize  the  interface
properties.  The  stresses  are  distributed  along  the
direction  of  the  interface  between  the  filler  and  the
matrix,  which  even  creates  mechanical  interlocking
and improves the dissipating capacity. 

4.3    Construction of structural features at the
mesoscale

When  a  high-damping  material  does  not  undergo

mechanical  deformation,  no  mechanical  energy  is
stored,  and  no  energy  dissipation  occurs.  The
mesoscale  unit  is  a  feature  structure  with  a  certain
spatial arrangement of damping elements formed by a
specific artificial design, aiming at applying vibration
excitation  to  the  damping  elements  via  the  feature
structure to realize the damping excitation effect. The
main  damping  mechanism  of  structure-damped
composites  with  mesoscale  feature  structures  is  still
interactions  at  the  interface,  but  the  difference  from
that of nanocomposites is that the structural integrity
of  the  material  is  not  guaranteed  but  tends  to  be
anisotropic. 

4.3.1    Natural biological features

Hierarchical  structural  designs  at  the  mesolevel  can
present  larger  microstructural  features.  The  natural
structure  of  bio-materials  has  been  developed  over
millions  of  years;  therefore,  researchers  always  learn
first from nature, e.g., the bones mentioned earlier in
this paper. In addition, the structures of nacre, crab,
and bamboo have excellent mechanical properties and
a  fine  hierarchical  design  (Figs. 22(a)–22(c)).  This
phenomenon  inspires  the  design  of  artificial  compo-
sites.  Self-similar  bio-materials  exhibit  repeating
geometrical patterns at different scales [168,169] (Fig.
22(d)).  This  inherent  characteristic  enables  the
effective  distribution  of  mechanical  loads  and
enhances  energy  dissipation.  The  scale-invariant
properties  provide  excellent  damping  performance,
especially  under  dynamic  and  impact-loading
conditions,  as  they  can  absorb  vibrations  efficiently
across  a  wide  range  of  frequencies.  Gradient  bio-
materials feature spatially varying properties, such as
stiffness,  density,  and  porosity,  across  their  volume
[170,171].  In  the  gradient  structure  of  pinecones,  the
porosity  is  distributed  in  a  gradient  from  inside  to
outside  (Fig. 22(e)).  Moisture  exposure  leads  to  a
strain  gradient  across  the  scale,  which  is  helpful  for
reversibly  opening  and  closing  to  disperse  seeds.
Therefore,  gradient  structures  allow  for  smoother
transitions  in  stress  and  strain,  which  can
significantly  improve  vibration  damping  and  reduce
resonance  effects.  The  gradual  change  in  mechanical
properties  helps  mitigate  sharp stress  concentrations,
enhancing  material  performance  in  vibration-critical
applications  [172].  Additional  bio-inspired  features,
such as porous structures (e.g., coral and sponges) or
hierarchical architectures (e.g., wood or bamboo), also
further  contribute  to  the  energy  dissipation
properties. 

4.3.2    Particle- and fiber-reinforced composites

Micron-sized  particle  composites  incorporating
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inorganic  particles,  such  as  silicon  carbide  (SiC)
[178,179], boron nitride (BN) [180], aluminum nitride
(AlN)  [181],  and  various  metallic  particles,  have
garnered  significant  attention  for  their  potential  in
terms of thermal conductivity and energy dissipation.
The  mechanical  properties,  thermal  conductivities,
and interfacial bonding mechanisms of the constituent
particles  within  the  matrix  influence  their
effectiveness  in  these  applications.  Madeira  et al.
[182]  reported  that  the  addition  of  SiC  particles
improved  the  damping  properties  and  dynamic
modulus  of  aluminum  metal  matrix  composites  and
investigated  the  effect  of  particle  size  on  these

properties.  Dong  et al.  [183]  prepared  brominated
butyl  rubber  with  BN  particles  and  demonstrated
that  the  maximum  loss  factor  can  reach  0.95  with
12.3  wt.% BN,  while  the  effective  damping
temperature range is −41–60 °C. In addition, various
types  of  multiple-particle  doping  or  particle
modification  have  been  reported  to  form  special
mesoscale  feature  structures,  which  are  then
combined  with  the  matrix  to  prepare  composite
materials  with  extraordinary  thermal  or  electrical
performance [184,185]. Figure 23(a), which shows the
high  thermal  conductivity  composite  material,
provides  a  reference  for  constructing  a  variety  of

 

 
Fig. 22    Schematics  of  the  natural  hierarchical  structures  of  (a)  nacre  [173],  (b)  crab  carapace  [174],  and
(c) bamboo [175]. (d) Image of a self-similar structure with triangular capped building blocks [176]. (e) Schematic of
the gradient structure of pinecone scales with a gradient of porosity from the inside to the outside surface of the
scleroid region [177].
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mesoscale feature structures.
One-dimensional  fibers  (Fig. 23(b))  are  another

powerful  and  lightweight  solution  because  of  their
high modulus, specific strength, and great formability.
The  presence  of  natural  biological  materials  has
inspired  researchers  to  introduce  hierarchical  levels,
such  as  textile  structures,  twisted  structures,  and
nano-stitched  laminates,  into  fiber-reinforced  compo-
sites  (Figs. 23(c)–23(e)).  This  scheme  helps  build  a
wide  variety  of  structural  features  at  the  mesolevel,
where  the  interactions  of  different  material
components  and  substructures  erupt  into  multiple
damping  dissipation  mechanisms.  The  fibers  are
composed  of  many  microfibrils,  which  have  good
viscoelastic  behavior  and  can  promote  energy
dissipation,  and  more  relative  displacement  between
the  microfibril  sub-layers  is  generated,  leading  to
more  friction  and  additional  dissipation.  Meanwhile,
the  damping  of  those  carbon  and  plant  fibers  still
involves  multiple  mechanisms  at  different  levels.  Li
et al.  [186]  proposed  a  multiscale  methodology  to
enhance  the  damping  property  via  a  multilayered
composite  structure  with  flax  fibers  and  CNTs.  The
CNTs  penetrate  the  primary  cell  wall  and  interact
with  the  microfibrils  in  the  second  layer,  improving

load  transfer  from  the  matrix  to  the  microfibrils.
Mofokeng et al. [187] investigated sisal fiber reinforce-
ment composites with poly(lactic  acid) (PLA) as the
matrix.  The  dynamic  mechanical  analysis  results
clearly  show that  the  introduction of  fibers  increases
the loss factor (Fig. 23(f)). Some fiber-reinforced self-
healing  composites  also  have  excellent  mechanical
properties [188,189]. 

4.4    Composite structures at the macroscale

The  rapid  development  of  additive  manufacturing  in
recent  years  has  significantly  alleviated  technical
problems, thereby suggesting that the material–struc-
ture–performance  integrated  design  methodology  can
be used to design and manufacture carefully complex
crafted  microstructures  with “external  rigidity  but
internal  chaos” deformation  modes.  These  recently
designed  microstructures,  such  as  topology
optimization-based  microstructures  (Fig. 24(a)),
machine  learning-based  microstructures  (Fig. 24(b)),
and  biomimetic  microstructures  (Fig. 24(c)),  have
provided  breakthrough  and  transformative  alterna-
tives to more traditional materials, such as traditional
FLD and CLD treatments.

 

 
Fig. 23    (a)  Schematic  of  the  preparation  of  BN-PDA-Ag  epoxy  composites  with  a  three-dimensional
interconnected porous network [190]. (b) Schematics of fiber-reinforced composites [191] and some designed feature
structures,  including  (c)  textile  structures  [192],  (d)  twisted  plywood  structures  [193],  and  (e)  nano-stitched
laminates [194]. (f) Temperature-dependent diagram of the loss factor of poly(lactic acid) with sisal fibers [187].
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Composites can be engineered at the macroscale to
ensure  stiffness  in  the  structure  phase  and  allow  for
energy  dissipation  in  the  damping  phase.  The  base
structure  is  responsible  for  load  bearing  with  high
mechanical properties. The deformation generated by
the external force is pressed into the damping phases
to provide them with the power of relaxation and the
excitement  of  damping  mechanisms  at  each  smaller
level.  Thus,  the  design  idea  is  to  achieve  a  stiff  yet
lossy deformation mechanism where the base deforms
minimally  under  external  forces,  while  the  internal
damping  layer  deforms  considerably  to  dissipate  the
energy  (Fig. 24(d)).  Different  methods  have  been
developed to design a damping material (or structure)
with  high  specific  damping  performance  for  the
composite  structure.  In  this  section,  a  conventional
CLD structure with a normal damping material layer
is  first  introduced  as  a  typical  composite  structure.
The  novel  development  of  metamaterials  is  reviewed
for their superior advancements as damping fillers. 

4.4.1    Traditional application for damping
composite structures

As  a  typical  example  of  a  composite  structure,  a
normal  CLD  structure  is  a  highly  effective  solution
for  precision  instruments,  such  as  automobiles,
aircraft  (Fig. 25(a)),  and  aerospace  engines.  Its
unique ability to reduce vibrations and dampen noise
makes  it  a  helpful  choice  in  practice.  Theoretical
models  [197,198]  and  finite  element  [199,200]  models
have  been  further  developed  to  investigate  the

dynamic  behavior  of  CLD  treatment,  and
optimization methods have been applied for designing
specific  structures.  The  objective  design  parameters
include the type of damping material [201], the shape
and  size  of  the  layer  [202],  and  the  location  and
number  of  patches  [203].  Topology  optimization  is
popular and effective. Zhang et al. [204] reported that
the  loss  factor  of  the  optimal  designed  structure  is
greater  than  that  of  the  initially  designed  structure
(Fig. 25(b)).  However,  the  damping  layer  in  a
traditional  CLD  structure  is  oriented  only  to  shear
deformation, which greatly limits the excitation of the
energy  dissipation  of  the  damping  phase  and  its
engineering applications. 

4.4.2    Trend of extrinsic damping excitation design
for damping structures

Recently,  emerging  metamaterials  have  realized
advantages  over  conventional  materials  in  terms  of
their outstanding physical properties. Designing a stiff
yet  lossy  metamaterial  for  constructing  a  damping
composite  structure  requires  a  study  of  its  damping
mechanism and  how it  excites  the  damping  effect  of
its  internal  microstructure.  The  most  striking  and
well-known  property  is  termed  metadamping  in
resonant  metamaterials.  The  dissipation  is
concentrated  in  the  damping  phase  of  the
metamaterial  to amplify  the dissipation effect,  which
was  studied  in  depth  by  Bacquet  et al.  [206].  For
further  comprehensive  study,  the  damping
performance  of  a  metamaterial  includes  its  unique

 

 
Fig. 24    Design methods to achieve a stiff yet lossy deformation mechanism. (a) A lattice sample after topology
optimization  [195].  (b)  Schematic  of  a  neural  network  model  in  machine  learning.  (c)  A  bio-inspired  helicoidal
structure [196]. (d) The damping layer is constructed of a stiff yet lossy structure with the skeleton in gray and the
damping filler in orange. In the stress nephogram, the transition from blue to red indicates an increase in stress.
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wave  attenuation  in  addition  to  energy  dissipation.
Mei  et al.  [207]  synthesized  the  perspectives  of  the
component  damping  properties  (temporal  characteri-
stics)  and  the  bandgap  (spatial  characteristics)  of  a
metamaterial  to  characterize  the  wave  attenuation
properties,  which  are  called  spatiotemporal  damping.
That  is,  in  addition  to  Bragg  scattering,  local
resonance,  and  other  effects  caused  by  the  hetero-
geneity  of  the  microstructures,  the  viscoelasticity  of
the metamaterial components can attenuate elastic or
acoustic  waves.  The  spatiotemporal  damping
mechanism  is  a  coupling  effect  that  covers  energy

scattering  (reflection)  and  energy  dissipation.  As
shown  in Fig. 26,  for  low  dissipation,  the
spatiotemporal  damping  mechanism is  dominated  by
energy reflection. In the passband at a low frequency,
the  increasing  dissipation  capacity  of  the  material
components  increases  energy  dissipation  and  energy
reflection,  which  enhances  the  spatiotemporal
damping  performance  in  the “valley”.  Within  the
bandgap  of  the  local  resonance,  the  inhibition  of
energy reflection by the dissipation of the components
is  emphasized,  which  weakens  the  spatiotemporal
damping  performance  in  the “peak”.  Within  the

 

 
Fig. 25    (a) CLD-treated structure applied in aircraft fuselage [205]. (b) Comparison of the modal loss factor
between the topology optimization structure and the initial structure [204].

 

 
Fig. 26    Diagram  of  the  spatiotemporal  damping  mechanisms  of  the  viscoelastic  metamaterial  at  different
frequencies [207].
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Bragg  scattering  bandgap,  the  spatiotemporal
damping  performance  is  not  sensitive  to  the
dissipation  effect  of  the  material  components.  Thus,
the  coupling  effect  can  be  summarized  as  peak
shaving and valley filling. For high dissipation, where
energy  dissipation  is  the  dominant  mechanism,  the
spatiotemporal  damping  performance  increases  with
increasing  dissipation  of  the  components.  The
elucidation  of  this  comprehensive  mechanism
broadens  the  application  prospects  for  the  design  of
metamaterials for composite structures.

Expanding  to  a  broader  set,  porous  structures
composed  of  periodic  or  non-periodic  lattice
arrangements  are  mostly  derived  from  biomimetic
design.  The  different  types  of  lattice  structures  are
shown  in Fig. 27.  For  example,  a  honeycomb  is
typically a two-dimensional lattice structure, whereas
three-dimensional  lattice  structures  can  be
constructed based on triple-periodic minimal surfaces
(TPMS), which are widespread in nature [208,209]. A
series  of  sandwich  structures  with  arranged  lattice
and honeycomb cores were designed in [210–214]. The
cellular  structure  is  filled  with  lightweight  damping
material,  such  as  polyurethane  foam,  which  has  a
superior ability to withstand loads and absorb energy.
Wei et al. [215] demonstrated that their epoxy/lattice
composites have high damping characteristics, with a
damping ratio of over 10%.  Xu et al. [216] presented
carbon  fiber-reinforced  cellular  materials  that
simultaneously  achieve  high  specific  stiffness  and

damping  properties.  The  lightweight  damping  phase
is  intentionally  inserted  at  the  center  of  the  selected
struts  in  the  lattice  (Fig. 28(a)),  and  experimental
methods  are  conducted  to  vary  the  volume  fractions
of  the  two  constituent  materials.  The  composite
structure  even  has  a  specific  stiffness  similar  to  that
of  technical  ceramics  and  other  composites  and  can
achieve  a  loss  factor  of  almost  two  orders  of
magnitude (Fig. 28(b)).

Recent  advances  in  damping-optimized  materials
and  structures  leverage  topology  optimization  and
multiscale  modeling  to  achieve  superior  vibration
performance  [218–220].  Optimizing  layouts  at  the
macro- and microscales (Fig. 29(a)) can lead to a high
loss  modulus  of  damping  composites  within  specific
frequency ranges. Key innovations include directional
damping  designs  inspired  by  biomimicry,  such  as
woodpecker  beaks,  which  enhance  energy  absorption
in  viscoelastic  composites  [221],  and  multi-phase
materials  with  optimal  soft-to-stiff  damping  ratios
that  balance  stiffness  and  damping.  Concurrent
optimization  frameworks  for  free-layer  and  shell
structures integrate macro- and microscale layouts to
reduce  vibrations  under  harmonic  excitations  [222],
employing efficient computational techniques, such as
reduced-order  modeling  and  sensitivity-driven
analysis.  These  studies  collectively  demonstrate  the
potential of advanced damping designs via multiscale
topology optimization for applications in automotive,
aerospace,  and  vibration  control  systems,  offering

 

 
Fig. 27    Different types of lattice structures [217].
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improved performance and practical scalability.
The  development  of  machine  learning  offers  great

help  in  theoretical  modeling  for  calibrating  parame-
ters and describing mechanical behavior, contributing
to  the  lattice  design  of  porous  materials  [223–225].
Challapalli et al. [226] discovered optimal lattices via
machine learning and novel inverse design techniques.
Three-dimensional  printing  helps  manufacture
different  types  of  lattices  (Fig. 29(b)).  The  designed
structures  surpass  the  damping  performance  and  are
lightweight  biomimetic  structures,  such  as
honeycombs. Abu-Mualla et al. [227] proposed a data-
driven  framework  for  the  inverse  design  of
manufacturable  cellular  mechanical  metamaterials.
Using a physics-guided neural network and a dataset
based  on  cubic  symmetries,  the  method  can  predict
anisotropic  stiffness  components  with  high  accuracy
and  computational  efficiency,  outperforming
traditional approaches. Other inverse design networks
have  also  been  developed  for  scalable  and  precise
control  over  mechanical  behavior,  offering  promising
applications  in  wearable  devices,  soft  robotics,  and
advanced sensors [228,229].
 

5    Stiffness mechanisms of self-healing
polymers

Although  the  stiffness  and  strength  of  damping
composite  structures  are  ensured mainly  by the base
structure, the energy storage capacity of the damping
material  is  also  crucial.  As  mentioned  earlier,
damping  materials  need  to  store  energy,  i.e.,  have
enough  dynamic  stiffness,  to  dissipate  mechanical
energy  efficiently.  Therefore,  focusing  on  polymer
materials  is  necessary  for  investigating  the  stiffness
enhancement mechanism of damping materials. These
opportunities  allow  new  design  strategies  to  be
explored,  thereby  achieving  high  specific  damping
performance for balancing stiffness and damping.

The  entropic  force  of  crosslinking  in  polymers  is  a
factor  in  their  resistance  to  deformation  of  their
network  structure.  As  shown  in Fig. 30(a),  each
crosslinking point is essentially a physical or chemical
bond,  and  the  crosslinking  strength  determines  the
structural  stiffness.  The  chains  are  more  difficult  to
deform  and  break  because  they  are  connected  by
strong  and  irreversible  chemical  bonds. Figure 30(b)
shows that nanofillers can absorb polymer chains and

 

 

ρ

Fig. 28    (a) Lightweight soft phase in a microlattice of the honeycomb structure and (b) comparison of the loss
factor  and  specific  stiffness  between  CFRP  cellular  materials  and  common  materials,  where E is  the  effective
modulus, and  denotes the density [216]. CFRP: carbon fiber reinforced polymer.
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form  interfaces.  This  situation  further  increases  the
forces  and  entropy  within  the  structure.  Thus,  the
external  force  required  for  structural  deformation  is
greater,  improving  the  stiffness  performance.  In
addition,  the  interlocking  structure  (Fig. 30(c))
consists of two or more bonded molecular fragments.
They  are  locked  together  by  mechanical  bonds  to
form  topological  constraints  that  prevent  separation.
An  increase  in  entropy  can  also  be  achieved  by
superimposing and mixing multiple polymer networks
to increase the crosslinking density (Fig. 30(d)) via a
double  network,  curing,  or  polymerization.  Complex
chain  crosslinking  can  effectively  resist  the  risk  of
deformation and damage. 

5.1    Entropic forces in crosslinking

At  the  molecular  level,  the  structure  of  polymeric

materials  is  a  three-dimensional  network  formed  by
connecting  polymer  chains  with  covalent  or  non-
covalent  bonds.  The  energy  required  for  deformation
and fracture increases with increasing bonding energy.
Meanwhile,  high-stiffness  polymers  similar  to  the
matrix  generate  more  entropy force  in  the  structure.
Combining multiple covalent and non-covalent bonds
is also feasible to compensate for the weak energy of a
single  connection  so  that  the  dynamic  structure  can
remain strong and stable [230–234].

The  introduction  of  molecular  chains  with  strong
internal  forces  can  also  increase  the  entropy  force
within the structure. Li et al. [52] designed a disulfide-
bonded  eugenol-based  dynamic  covalent  epoxy  resin
network  with  a  tightly  crosslinked  structure.  The
prepared  epoxy  resin  has  a  Young’s  modulus  of
approximately 2.2 GPa and a high loss factor close to
0.9,  reflecting the excellent stiffness properties of  the

 

 
Fig. 29    (a) Schematic of a damping structure with a microstructured composite composed of a stiffness phase
and  a  damping  phase  [220].  (b)  Schematic  of  the  design  procedure  of  thin-walled  lattices  in  the  metamaterial
structure [226].
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material  and  demonstrating  a  self-healing  rate  of  up
to 84.8%. Kim et al. [235] reported that the use of 4-
aminophenyl disulfide (4-AFD) with a tightly packed
structure  (Fig. 31(a))  as  a  hardener  can  increase
intermolecular  forces  and  hinder  the  movement  of
molecular chains and the self-healing behavior of  the

material.  Alternatively,  2-aminophenyl  disulfide  (2-
AFD) with a linear structure (Fig. 31(b)) can produce
a  more  relaxed  conformation  but  leads  to  lower
stiffness.  Martinez-Diaz  et al.  [236]  compared  the
modulus  of  vitrimers  containing  2-AFD  and  4-AFD
(Fig. 31(c)). Wang et al.  [65] intensively investigated
Schiff  base  covalent  adaptive  networks  and  designed
combinations  of  epoxy  resins  and  polyimides.  The
highly π-conjugated  Schiff  base  structure  and
hydrogen bonding result in high stiffness (2.112 GPa),
which is greater than that of conventional epoxy resin-
based polymers (2.02 GPa). However, the motility of
the structure is also limited, leading to low damping.
Its loss factor (0.3) is lower than that of conventional
epoxy  resin  (0.8).  In  addition,  the  mechanical
properties  of  the  prepared  material  did  not  decrease
significantly  after  healing,  but  its  modulus  even
slightly increased. 

5.2    Interaction of strong interfaces

In  addition  to  the  viscous  motion  and  inelastic
deformation  that  dissipates  energy,  the  adsorption
and  interlocking  of  interfaces  can  effectively  resist
tensile  deformation  and  provide  rigidity  to  the
structure. However, in contrast to the mechanism by
which the interface affects  the stiffness  of  traditional
composite  materials  [237–241],  its  effect  on  self-
healing materials  still  needs  to  be reported.  Li  et al.

 

 
Fig. 30    Mechanisms  for  improving  the  stiffness
of  polymers,  including  (a)  strong  entropic  forces
between  crosslinkers,  (b)  the  introduction  of  strong
interfaces  to  increase  the  force,  (c)  the  design  of
mechanical  interlocking  structures,  and  (d)  an
increase in the crosslinking density.

 

 
Fig. 31    Schematics  of  (a)  loosely  structured  2-AFD  and  (b)  tightly  structured  4-AFD  [235].  (c)  Storage
modulus comparison diagrams of vitrimers containing 2-AFD and 4-AFD, where different colored curves represent
different samples [236].
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[242]  considered  the  effects  of  the  interface,
reinforcement  phase,  and  stacking  order  on  the
structural  deformation  of  carbon  fiber  reinforced
polymers.  They  proposed  an  analytical  method  to
predict  the  stiffness  behavior  of  composites  by
introducing  an  interfacial  strengthening  factor,
showing  that  the  aggregated  carbon  fiber  layers
possess  stronger  adhesive  interfaces  and  significantly
improve  the  tensile  strength  and  stiffness  of  the
material.  Lee  et al.  [243]  predicted  the  elastic
modulus  of  PA6/SiC  nanocomposites  via  multiscale
modeling  and  investigated  the  applicability  of  two
interface  models  and  their  effects  on  structural
stiffness.  The  elastic  modulus  increases  with
decreasing  nanoparticle  size  when  the  interface  is
dense  and  stiff.  Demir  et al.  [244]  noted  that  the
interfacial  adhesion  between  carbon  fibers  and  the
polymer matrix can significantly limit the mechanical
properties  of  the  composite  and  thus  proposed  a
surface  engineering  method to  chemically  modify  the
carbon  fibers  to  enhance  the  interfacial  interaction
and  improve  the  strength  and  stiffness  of  the
structure.  Guru et al.  [245]  used molecular dynamics
to determine the elastic characteristics of the matrix,
interfacial energy, and interfacial gap. They created a
three-dimensional  volume  cell  consisting  of  an  epoxy
matrix,  single-walled  CNTs,  and  their  interfaces.
Moreover,  the  influences  of  the  interfacial  thickness
and  stiffness  on  the  Young’s  modulus  of  the
nanocomposites  were  investigated.  The  effect  of  the
interfacial  stiffness  on  the  elastic  properties  of  the
nanocomposites  was  more  pronounced  than  that  of
the interfacial thickness. 

5.3    Mechanical interlocking structure

Interlocking  structures,  such  as  lasso  peptides,  are
prevalent  in  organisms,  and  engineering  applications
involve tools such as chains and lockets. Interlocking
structures  are  formed  by  entangling  two  or  more
components in space via mechanical bonds to enhance
structural  stability,  integrity,  and  rigidity.  Duan
et al. [246] developed novel three-dimensional pillared
graphene nanostructures (PGNs) as reinforcements in
a  polyethylene  (PE)  matrix.  PGNs  were  constructed
by inserting CNTs vertically between graphene sheets
via covalent bonding, which was cross-linked with the
matrix  to  produce  an  interlocking  effect.  In
particular,  the  elastic  modulus  of  the  composites  is
not  only  positively  correlated  with  the  mass  fraction
of PGNs but also highly correlated with the degree of
interlocking  phenomenon  occurring  in  the  structure.
In  addition,  mechanically  interlocked  molecules
(MIMs) covalently polymerize with the matrix, which
is one of the emerging research directions for polymer
networks  [247–251].  Chen  et al.  [252]  reviewed  the

synthesis, properties, and applications of mechanically
interlocked  polymers  based  on  rotaxane  structures
and  summarized  the  excellent  properties  of  the
introduction of rotaxanes to the polymers. In terms of
absorption, the sliding of rotaxane molecules between
rings and axes introduces a unique energy dissipation
mechanism,  which  enhances  the  damping  properties
of  the structure.  As the mechanical  bonds cannot be
reformed,  the  recycling  and  reprocessing  of  polymers
with  conventional  mechanical  interlocking  structures
still  need  improvement.  However,  Zhao  et al.  [253]
coupled  mechanical  bonding  with  dynamic  covalent
bonding  and  proposed  a  new  concept  of  a
mechanically  interlocked  vitrimer  (Fig. 32(a)).  The
prepared vitrimer MIV-1 achieved a Young’s modulus
of  18.5  MPa  in  stiffness,  which  is  much  higher  than
that of conventional vitrimers (Fig. 32(b)), and had a
damping capacity (ratio of energy output to input) of
98%.  The  recycled  material  could  retain  good
chemical integrity and mechanical properties. 

5.4    Crosslinking density of the network

Another  mechanism  to  improve  the  stiffness  of
polymers  is  to  increase  the  crosslinking  density  of
their  molecular  chains.  Different  molecular  clusters
can  be  crosslinked  by  copolymerization,  curing,  and
mixing.  This  forms  a  high-density  multi-chain
structure  in  which  long  chains  interlace  and
interpenetrate  with  short  chains  (Fig. 30(d)).  The
complex  network  structure  hinders  the  internal
rotation  of  chains.  This  situation  reduces  the
structural flexibility, and it is challenging to converge
to  the  ordered  state  in Fig. 8.  Moreover,  the  longer
the  molecular  chain  is,  the  greater  the  number  of
conformations,  and  although  the  short  chains  are
susceptible  to  external  forces  in  space  and  change
their morphology, the presence of long chains can still
resist  deformation.  The crosslinking density  is  highly
correlated  with  the  glass  transition  temperature  and
modulus [254–257].

Isogai  and  Hayashi  [258],  in  a  recent  study,
suggested that the number of branching chains at the
same  point  is  significant  for  the  performance  of  self-
healing  polymers  and  that  polymers  with  more
branches  have  a  higher  crosslinking  density  and
higher  modulus  (Fig. 33).  Hajj  et al.  [259]  also
revealed  a  significant  effect  of  density  on  relaxation
time  by  analyzing  the  viscoelasticity  of  network
structures  containing  imine  bonds  with  different
densities. Han et al. [44] synthesized different groups
of  hyperbranched  epoxy  (HBE):  HBE-1  and  HBE-2.
HBE-2  has  a  higher  molecular  weight  and  more
reactive  groups  than  HBE-1,  leading  to  a  higher
crosslinking density. A vitrimer based on DER epoxy
resin,  which has  the highest  crosslinking density  and
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modulus,  was  also  prepared  (Fig. 34).  Liu  et al.  [66]
synthesized a  new high-performance tri-epoxy (TEP)
resin  in  2018  and  cured  TEP  with  anhydride
monomers  catalyzed  by  zinc  ions  (Fig. 35).  The
elastic modulus of the cured epoxy increases from 1.63
to 2.11 GPa, but the loss factor is only 0.4, which is
lower  than  that  of  conventional  bisphenol-A  epoxy
resins. The cracks in the material could be effectively
repaired  within  10  min,  with  a  healing  efficiency  of
90%. An et al. [85] constructed vitrimer systems with
diselenide  bonds  and  synthesized  three  epoxy  resin
networks  of  increasing  density,  Se-EP-D,  C-EP-D,
and  Se-EP-F,  and  the  densest  Se-EP-F  system  had
the highest elastic modulus of 3.26 GPa.

In studies of hydrogels [260–264], a double network
structure  (Fig. 36)  with  high  brittleness  and  poor
performance has been proposed to effectively improve
the  shortcomings  of  conventional  structures.  The
double  network  is  composed  of  two  interconnected
networks  with  noticeably  different  yet  intertwined
properties, one of which is tightly crosslinked and can
absorb  energy,  providing  high  strength  to  the
structure.  Conversely,  the  other  segment  of  the
network is loosely crosslinked and is not easily broken

under  stress,  which  then  increases  the  toughness  of
the  structure.  In  the  current  research,  the  double
network  has  received  extensive  attention  and
development and is an essential means of application
and realization in the stiffness mechanism. 

6    Design principles for specific
damping performance

Inspired  by  the  multiscale  mechanisms  of  bio-
composites  and  artificial  composites,  the  following
three principles can be used to guide the design of the
specific damping performance of artificial composites.

a)  The  damping  properties  of  composites  can  be
improved  by  utilizing  multiple  damping  sources  of
soft  materials  at  the  nanoscale  (physical  damping,
chemical damping, and plastic damping mechanisms),
while  the  synergistic  effects  of  hard  and  soft  phases
can  significantly  enhance  the  specific  damping
properties  of  composites,  including  high  energy
storage and mechanical energy dissipation.

b)  At  each  level  of  the  structural  hierarchy  in
composites,  the  microstructure  of  the  hard  phase

 

 
Fig. 32    (a) Schematic of the slidable MIV structure and (b) its Young’s modulus [253].
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needs  to  be  rationally  designed  to  exploit  the  dual
roles  of  the constituents  of  the hard phase itself  and
the  damping  excitation  effect  by  guiding  the  hard
phase to drive the deformation mechanism.

c)  Although  microscale  and  mesoscale  hard  fillers
have  the  same  damping  excitation  mechanisms
(adhesion,  slip,  and  press-in  effects),  they  have
distinct  roles  in  enhancing  the  specific  damping
performance  of  artificial  composites.  Owing  to  their
discrete–continuous  coupled  structural  features,
microscale  hard  fillers  are  the  least  invasive  and  are
expected  to  improve  damping  performance  without
sacrificing  mechanical  properties  or  structural
integrity. However, mesoscale hard fillers can present

 

 
Fig. 33    (a) Schematics of crosslinkers containing three branches CL-3, four branches CL-4, and six branches
CL-6 and (b) comparison of their storage moduli and loss factors [258].

 

 
Fig. 34    Storage  moduli  of  vitrimers  with
different  crosslinking  densities  as  a  function  of
temperature [44].

 

 
Fig. 35    Synthesis and properties of a self-healing tri-epoxy resin [66].
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larger microstructural  features and thus can improve
damping  performance  at  lower  frequencies  than
microscale hard fillers can. 

7    Summary and outlook

Self-healing materials,  which are  widely  developed in
modern  engineering  applications,  can  automatically
detect  failure  and  self-repair  to  prevent  potential
damage caused by cracking and effectively extend the
service  life.  Moreover,  the  self-healing  property  itself
is a chemical reaction that requires energy dissipation,
so  it  can  be  exploited  to  improve  damping
capabilities.

The  continuous  pursuit  of  extremely  lightweight
and  multi-functional  integrated  designs  in  modern
industries  requires  that  structural  materials  are  not
limited  to  ensuring  the  structural  load-bearing
function  of  lightweight  designs;  rather,  they  must
have  high  mechanical  properties  and  high  damping
capabilities.  For  the  damping  phase  of  structure–
damping  composites,  their  specific  damping
performance  (high  stiffness  and  high  damping)  is  a
key factor;  however,  their  stiff  yet  lossy performance
conflicts with self-healing properties.

In  this  review,  the  mechanisms  of  stiffness,
damping,  and  self-healing  are  summarized.  The
synthesis methods and performance of some reported
self-healing materials are reviewed. Under the premise
of  ensuring  high  self-healing  efficiency,  the
stiffness–loss map of materials based on different self-
healing  mechanisms  is  evaluated  (Fig. 37).  Self-
healing  materials  have  slight  advantages  over
traditional  engineering  materials,  with  a  figure  of
merit  above  the  guideline  of  0.6  GPa.  That  is,
damping  composite  materials  or  structures  involving
self-healing  constituents  can  achieve  a  surpassingly
stiff  yet  lossy  performance  and  therefore  can  be
integrated  into  a  structure-damping  composite

structure  with  high  mechanical  properties  and
superior  specific  damping  performance.  Therefore,
damping  composite  structures  involving  self-healing
constituents  are  expected  to  be  widely  applied  in
structural  engineering  in  modern  industries,  such  as
the  aviation,  aerospace,  navigation,  automobile,  and
robot fields.

For  the  research  and  development  of  self-healing
materials and structure-damping composite structures
in  engineering,  this  work  presents  the  following
outlook. Inspired by the multilevel structure of bones
at  multiple  spatial  and  temporal  scales,  their  unique
architecture  (Fig. 38)  sets  them  apart  from
traditional  engineering  and  biological  materials  as
marks  of  hierarchical  structure  designed  by  Feng
et al. [267] (Fig. 37), showing an impressive figure of
merit. The use of a multiscale design method can lead
to  the  biomimetic  construction  of  materials  and
composite structures with good mechanical properties
and  self-healing  capabilities.  The  bottom-up  design
suggestions are divided into several points:

a) At the nanolevel, dynamic bonds are introduced

 

 
Fig. 36    Double network properties of hydrogels [265].

 

 
E′

tan δ
Fig. 37    Distribution  of  the  storage  modulus 
and  loss  factor  of  self-healing  composites  based
on different self-healing mechanisms.
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as soft matter to provide additional intrinsic chemical
damping  sources  and  achieve  self-healing,  while  the
original  polymer  network  still  provides  a  stable
material  structure  to  provide  stiffness  and  strength.
Those  dangling  chains  and  multiple  motion  units
benefit  chain  scission  and  reformation,  which  are
simulated  by  mechanical  energy,  to  relaxation.
However, the complementary correlation between the
mechanical  and  self-healing  properties  needs  further
explanation.  We  suggest  elucidating  the
characteristics  of  relaxation  behavior  during  self-
healing  and  ultimately  exploring  the  influence  of
design  parameters  on  stiffness,  damping,  and  self-
healing  performance  via  systematic  experimental
methods.

b)  At  the  microlevel,  various  stiff  fillers  are
introduced  as  hard  matter.  A  modulus-mismatching
interface  can  be  formed  to  provide  extrinsic
deformation-driven modes for relaxation and sufficient
interface  damping.  The  relaxation  spectra  of  the
characteristic structure at each level can be identified
via  experimental  and  simulation  analyses.  Dissecting
their  associations  and  coupling  mechanisms  can  help
develop  methods  for  designing  composites  with  wide
frequency  spectra  (corresponding  to  a  wide
temperature range) in engineering applications.

c)  At  the  meso- and  macrolevels,  metamaterials
with  microstructures  can  be  processed  by  additive
manufacturing  as  the  damping  layer  for  composite
structures.  However,  the  integration  of  damping
composite  materials  or  structures  with  self-healing
capacity  into  a  structure–damping  composite
structure  has  yet  to  be  reported.  In  the  complex
conditions  of  modern  engineering,  the
structure–damping  composite  needs  to  maximally
excite  the  damping  capacity  of  viscoelastic  fillers.
Multiple temporal–spatial numerical models of energy
dissipation  for  self-healing  elements,  characteristic

features,  and  multilevel  structures  constitute  one  of
the  main  research  directions.  Then,  a  quantitative
prediction  method  for  damping  performance  can  be
further  developed  to  realize  the  design  innovation  of
characteristic  structures  at  each  level,  achieving
highly stiff yet lossy performance so that they can be
widely  applied  in  structural  engineering  in  modern
industries.

The  effective  damping  performance  of  a  damping
composite  structure  relies  not  only  on  its  intrinsic
damping  sources  at  the  nanoscale  but  also  on  its
extrinsic  deformation-driving  modes  at  the
macroscale.  The  intrinsic  damping  sources  and
extrinsic deformation driving modes can be integrated
into  a  material–structure–performance  integrated
design  methodology,  which  is  expected  to  provide
breakthrough and transformative alternatives to more
traditional  materials,  such  as  traditional  FLD  and
CLD treatments.

The  ability  of  the  material–structure–performance
integrated  design  strategy  to  overcome  the  critical
bottleneck  of  attaining  high  stiffness  and  high
damping  (high  specific  damping)  would  unlock  the
many  opportunities  offered  by  the  broad  class  of
damping  composite  materials,  thereby  enabling  a
fundamental  advancement  in  a  variety  of  pivotal
vibration-induced  damping  applications,  including
instrument  operation  accuracy,  vibration  and  noise
control,  equipment  reliability,  and  the  service  life  of
components (or machines).

Furthermore, highly specific damping materials can
be integrated into a base material/structure with high
mechanical  performance (i.e.,  high strength and high
toughness),  which  is  expected  to  achieve  high
mechanical  properties  and  high  specific  damping,
thereby  enabling  a  fundamental  leap  forward  in  a
variety  of  pivotal  applications,  including  but  not
limited  to  lightweight  components  for  aviation,

 

 
Fig. 38    Multilevel  structure  of  bones  at  multiple  temporal–spatial  scales,  forming  a  wide  and  continuous
relaxation spectrum. Illustrations are adapted from Reznikov et al. [266].
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aerospace,  navigation,  automobile,  and  robot
applications. 

Nomenclature

Abbreviations

AFD Aminophenyl disulfide

AlN Aluminum nitride

BN Boron nitride

CAN Covalent adaptive network

CLD Constrained layer damping

CNT Carbon nanotube

CTH Close-then-heal

FLD Free layer damping

HBE Hyperbranched epoxy

MIM Mechanically interlocked molecule

PE Polyethylene

PGN Pillared graphene nanostructures

PLA Poly(lactic acid)

SiC Silicon carbide
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