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ABSTRACT
Smart dielectric materials with bioinspired and autonomous functions are expected to be designed and fabricated for next-genera-
tion electrical insulation. Similar to organisms, such dielectrics with self-adaptive, self-reporting, and self-healing capabilities can be
employed to avoid, diagnose, and repair electrical damage to prevent catastrophic failure and even a blackout. Compared with tra-
ditional dielectrics, the utilization of smart materials not only increases the stability and durability of power apparatus but also re-
duces  the  costs  of  production  and  manufacturing.  In  this  review,  researches  on  self-adaptive,  self-reporting,  and  self-healing
dielectrics in the field of electrical insulation, and illuminating studies on smart polymers with autonomous functions in other fields
are both introduced. The principles, methods, mechanisms, applications, and challenges of these materials are also briefly presen-
ted.
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T raditional dielectric  materials  are  designed  and  manufac-
tured to be as robust as possible to prevent equipment fail-
ure and prolong the service life[1–5]. However, fatigue or de-

gradation  of  dielectrics  is  ultimately  inevitable,  especially  when
operating  under  extreme  conditions  and  harsh  environments[6–9].
Nature serves as a source of inspiration for seeking innovative tac-
tics to conquer this challenge. In nature, many animals and plants
can survive in severe environments not merely due to their abilit-
ies to combat predators, resist injuries, and endure harsh environ-
ments.  Most  importantly,  such  organisms  have  evolved  diverse
behaviors  and  functions  (such  as  anti-predator  adaptation[10–13],
nociception[14,15], and wound healing[16,17]) by natural selection to ad-
just  to surroundings,  perceive dangers,  detect  and repair  injuries.
Chameleons can change their skin colors by actively tuning a lat-
tice of guanine nanocrystals in the dermis to blend in local envir-
onments to camouflage themselves from being detected by pred-
ators[18,19] (Figure  1(a)). Mammals  may  experience  pain  and  dis-
comfort when being subjected to an intense noxious stimulus due
to  the  signal  produced  by  nociceptors  transferring  along  nerve
fibers via the spinal cord to the brain, which prompts them to ac-
tivate the body’s defense system to avoid further harm[20,21] (Figure
1(b)). Roots and stems of plants, as well as skins and bones of an-
imals,  can  autonomously  heal  by  cell  regeneration  after  being
damaged, resulting in functional reconstruction and performance
recovery[22,23] (Figure  1(c)).  In  the  field  of  electrical  insulation,  we
can similarly  design and fabricate  dielectric  materials  with  bioin-
spired and autonomous functions to avoid, diagnose, and even re-
pair electrical  deterioration,  which is  conducive to improving the
robustness of the dielectric materials and prolonging their service
life.

The utilization of bionic smart dielectrics in equipment manu-
facturing is expected to spur the evolution of advanced power ap-
paratus and even energy production, transmission, and utilization.
With the rapid development of the global energy internet and ul-

tra-high-voltage  transmission  technology,  the  demand  for  power
apparatus with more reliable performance and longer lifetimes be-
comes greater and greater[24–26]. The stability and durability of elec-
trical devices depend on the insulating materials[27,28], in which any
defects or deteriorations extremely increase the risk of equipment
failure  and  even  a  blackout[29].  The  insulation  problems  become
more and more complicated as the voltage level rises and the size
of components shrinks[30–32]. For example, the unevenly distributed
electric  field  withstood by insulating components  in  high voltage
devices,  such  as  cable  terminals[33] and  wall  bushings[34],  leads  to
particularly  challenging  problems  with  insulation  design  and
equipment manufacture.  Some  power  apparatus  based  on  con-
ventional techniques, such as terminals based on stress cones and
bushings  based  on  capacitor  plates,  hit  a  bottleneck  in  higher
voltage  levels[34–37].  In  addition,  a  variety  of  factors,  such  as  space
charges[38],  temperature[39],  mechanical stress[40],  ultraviolet[41],  partial
discharge[42],  and  even  a  tiny  defect[43] may  eventually  result  in  a
dielectric breakdown, making it exceedingly intractable to detect a
latent  insulation  failure  in  numerous  power  apparatus[44–46]. Fur-
thermore,  solid  insulation  is  unrecoverable[47],  which  means  that
any damage  or  degradation  can  permanently  change  its  appear-
ance  and  properties[48].  Therefore,  deterioration  accumulation  in
solid dielectrics  continuously  operating  under  a  harsh  environ-
ment will inevitably give rise to a catastrophic failure[49].

Developing  biomimetic  smart  materials  for  the  next-genera-
tion electrical insulation with self-adaptive, self-reporting, and self-
healing  capabilities  is  a  novel  solution  to  internal  electric  field
grading, insulation defect detection, and electrical damage repair-
ing in power apparatus. Self-adaptive dielectrics of which the elec-
trical  parameters  are  nonlinearly  influenced  by  external  field
strength,  exhibit  an excellent ability to spatially grade the uneven
electric field and rapidly release the intensive charges, avoiding in-
sulation  failure  caused  by  the  locally  intensified  field[50,51].  Self-re-
porting dielectrics can reveal a distinct variation in color, fluores- 
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cence, or  luminescence  in  response  to  internal  performance  de-
gradation  or  external  detrimental  factors[52,53]. Therefore,  the  po-
tential  risk of  catastrophic failure can be detected with the naked
eye or optical monitoring facilities. Self-healing dielectrics can heal
internal  damage  and  recover  the  degraded  properties  to  extend
the  lifetime  of  the  materials[54–56].  By  organically  integrating  the
autonomous  capabilities  including  self-adaptive,  self-reporting,
and self-healing  functions  into  identical  dielectrics,  lifecycle  con-
trol of insulating materials can be realized[57] (Figure 1(d)).  At the
stage  of  self-adapting,  the  electrical  parameters  of  the  smart
dielectrics vary  with  environmental  factors  to  maintain  perform-
ance and avoid degradation. Once environmental degradation ex-
ceeds the endurance of the smart dielectrics, performance loss oc-
curs, and  the  materials  transfer  to  the  self-reporting  stage  simul-
taneously. At  the  stage  of  self-reporting,  unacceptable  deteriora-
tion induces  the  smart  dielectrics  to  display  changes  in  appear-
ance,  and meanwhile,  the self-healing process is  triggered.  At the
stage of self-healing, the damage is repaired and the performance
is recovered, and at the same time, the materials return to the self-
adaptive stage. The above cycle can repeat a lot of times until the
materials completely lost their autonomous functions.  Compared

with  traditional  dielectrics,  the  utilization of  smart  dielectrics  not
only increases  the stability  and prolongs the lifetime,  but  also re-
duces the costs of production and manufacturing.

In  this  review,  researches  on  self-adaptive,  self-reporting,  and
self-healing dielectrics in the field of electrical insulation, as well as
instructive  studies  on  smart  polymers  with  bioinspired  and
autonomous  functions  in  other  fields,  such  as  stimuli-chromic
polymers for  optical  chemosensors,  are  both  introduced.  Prin-
ciples,  methods,  mechanisms,  applications,  and  challenges  of
smart materials are all presented in the following.

1    Self-adaptive dielectrics

1.1    Basic principles and mechanism of SADs
In nature, some smart creatures can self-adaptively take on differ-
ent colors to merge into the background to escape predators. Sim-
ilarly, smart dielectrics can adapt their electrical parameters to the
spatial electric field to avoid insulation failure due to local intensi-
fied  field  strength[58],  and  we  may  call  them  self-adaptive  dielec-
trics  (SADs).  Usually,  SADs  possess  nonlinear  conductivity σ(E)
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Fig. 1    Inspirations  for  designing  smart  dielectrics  with  biomimetic  and  autonomous  functions. (a)  Changes  in  the  skin  color  and  reflective  spectrum  of  a
chameleon (reprinted with permission from ref. [18], © 2008 Stuart-Fox and Moussalli). (b) Schematic of afferent pathways underlying the sensation of pain (reprin-
ted with permission from ref. [15], © 2004 Nature Publishing Group). (c) Process of skin wound healing: haemostasis and inflammation, proliferation and remodeling
(reprinted with permission from ref. [16], © 2019 Springer Nature). (d) Life cycle control of biomimetic smart materials for next-generation electrical insulation.
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or permittivity ε(E) (or both) which increases rapidly with the loc-
al  electric  field when it  exceeds a  certain value[59,60],  shown as Fig-
ure 2(a). This nonlinear electrical property endows SADs the vir-
tue  of  self-adaptively  grading  electric  field  or  releasing  unwanted
charges, whose mechanism can be generalized as: when SADs are
working in  moderated  field  strength,  they  behave  just  like  com-
mon dielectrics  with  relatively  low conductivity  (~10−14 S/m)  and

permittivity  (a  little  higher  than  the  polymer  matrix);  and  when
local field strength tends to exceed the acceptable range, SADs ex-
hibit much larger σ or ε as a response[50].  According to the law of
current  continuity  shown  as  Eq.  (1),  larger σ or ε means  lower
field  strength E under  a  continuous  current  density J,  which can
effectively suppress E to a safe value.
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J(E) = σ (E)×E+ ε (E)×dE/dt (1)

Furthermore,  when  overvoltage  or  discharging  surges  strike,
SADs are expected to take on even larger σ to rapidly release the
impulse energy to avoid damage to the equipment[61].

Simulations as well as experimental works have proved that the
field grading or stress control performance of SADs is much bet-
ter and more stable than traditional approaches[32,62,63] which mainly
depend on the  optimization of  electrode structures  of  the  appar-
atus. The advantage of field grading by SADs can be illustrated in
Figure 2(b). In conventional approaches, material electrical prop-
erty and electrode structure directly determine the spatial  electric
field distribution in power apparatus. Assuming the E-field as the
control target, this approach is an open-loop control without any
feed-back mechanism. In this case, the control performance is not
satisfying  and  it  is  rather  sensitive  to  parameter  disturbance.  For
instance, little discrepancy of geometry of the field grading struc-
ture with fixed design can considerably affect the field grading ef-
fect[64],  and temperature change or the material  aging process can
also lead to a much different E-field distribution with the expecta-
tion[65].  As a result,  traditional approaches have encountered great
challenges in the application of power apparatus with increasingly
higher voltage  level  and  more  uneven  electric  field.  On  the  con-
trary, field grading and stress control by SADs are typical closed-
loop  control.  On  one  hand,  the  material  parameters  affect  the
electric field distribution; on the other hand, the electric field also
feeds back to the material parameter which self-adaptively changes
with it. In this case, an effective and stable field grading effect can
be obtained by SADs regardless of the geometry discrepancy, dif-
ferent temperatures, or material aging.

For SADs,  the  most  important  parameters  for  their  perform-
ances are the switching field Eb and the nonlinear coefficient α. Eb
is defined as the switching point above which the material begins
to exhibit  a  rocketing conductivity  (permittivity)[66,67].  It  should be
adapted  to  specific  applications  as  different  power  apparatus  or
electronic devices  with  different  voltage  levels  has  different  re-
quirements on the electric field. Thus, Eb of SADs is expected to be
flexibly tuned according to practical cases, which may range from

0.1  to  5  kV/mm.  How  to  choose  an  appropriate Eb for  different
applications is also an important issue, which is elaborated in the
application  part.  In  terms  of  the  nonlinear  coefficient α, it  is  the
slope of J(E) curve (in logarithmic coordinate) and reflects the de-
gree of effect of electric field on material  parameters.  The greater
the α is,  the  better  the  field  grading  performance  will  be.  Ideal
SADs  are  of  an  infinity α with  vertical  switching  behavior.  In
practical cases, an α above 10 is high enough for field grading and
stress control[58].

The  above  illustration  shows  that  the  key  function of  SADs is
realized  by  a  nonlinear  conductivity  or  permittivity  that  rapidly
switches  with  the  electric  field.  For  the  former,  many  high-field
conduction effects such as tuning or Schottky emission can result
in a nonlinear conductivity[68]. However, these effects are not stable
enough or  may lead to  a  puncture  of  the insulation matrix.  Fur-
thermore, the nonlinearity due to these mechanisms is rather low
and  the  switching  field  cannot  be  flexibly  controlled.  Therefore,
most SADs  with  nonlinear  conductivity  are  based  on  the  mech-
anism of double-Schottky barrier whose height ФB is tuned by the
localized states Qi and applied electric field[69,70].  Under a relatively
low electric field, the barrier height ФB only decreases a little with
E, and the localized states Qi even increases with E. The increased
Qi can stabilize the barrier and prevent ФB from fast decay. At this
time, the conduction barrier is relatively high and it remains good
insulation property.  When the field strength is  further higher,  all
the localized states are fulfilled and the stabilization effect of Qi is
of minor effect. This leads to a fast decrease of the barrier ФB and
the  current J flowing  through  the  barrier  significantly  enhances,
which  results  in  an  excellent  nonlinear  conducting.  Additionally,
the conduction  relaxation  effect  can  also  lead  to  a  nonlinear  ef-
fective permittivity[71,72]. Thus, SADs based on this mechanism usu-
ally  exhibit  both  nonlinear σ(E)  and ε(E). In  terms  of  SADs  fea-
tured as  nonlinear  permittivity,  materials  with ferroelectric  prop-
erties may exhibit a field-dependent ε(E)[73]. Nevertheless, both the
coefficient and the maximum ε of these materials are not satisfy-
ing  and  can  hardly  be  applied  for  field  grading[67].  Above  all,  the
nonlinear mechanism of most current SADs relies on the double-
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Schottky barrier effect and their difference lies in various fabrica-
tion and connection approaches of the barrier, which shall be dis-
cussed in the material part.

1.2    Typical SADs and their nonlinear perfor-mances
For  SADs  that  are  applied  in  power  apparatus  or  electronic
devices,  their  major  material  system  is  the  same  with  traditional
polymer dielectrics  for  good  compatibility,  like  crosslinked  poly-
ethylene  (XLPE) for  cables,  silicone rubber  for  insulators,  epoxy-
paper  for  bushings,  polydimethylsiloxane  (PDMS)  for  device
packaging,  etc[59].  As  polymer  dielectrics  themselves  don’t  possess
desired field-dependent electrical properties,  doping of functional
fillers  is  performed  to  endow  them  with  nonlinear  behaviors[50].
Thus,  SADs are also called nonlinear composites.  The most used
functional (nonlinear conducting) fillers are SiC and ZnO micro-
varistors,  which are raw materials for surge arrestors widely used
in power systems[74,75]. Therefore,  the  microvaristor/polymer com-
posites  SADs  are  expected  to  possess  excellent  nonlinear J(E)
characteristics of arrestors. It has been elaborated that the nonlin-
ear mechanism of SADs lies on the double Schottky barrier in the
above part. There are also reports that the composites obtained by
the graphene oxide or graphite nanosheets, and insulation matrix
have  nonlinear  conductivity,  which  may  come  from  the  energy

barrier  formed  on  the  surface  of  such  fillers.  The  foundation  of
this kind of material is not enough comprehensive, and it has yet
to  be  used  in  engineering  practice[76,77].  For  SADs  with  SiC  fillers
(denoted as SiC composites below, SADs with other fillers are the
same),  the  Schottky  barriers  are  formed  over  the  interfaces
between contacted SiC fillers[59], shown as Figure 3(a). In this case,
the barrier height of the interfaces is relatively low, which means a
relatively  low α is  also easily  affected by filler  concentrations and
temperature. But for ZnO microvaristor fillers, the Schottky barri-
er  lies  on  the  grain  boundary  interior  inside  each  filler  particle,
shown as Figure 3(b). Thus, each of the barrier heights is of high
level and the nonlinear property of the composites is much more
stable than SiC. Additionally, the switching field Eb of ZnO com-
posites can be flexibly tuned according to specific requirements in
the  range  of  0.3–2  kV/mm  through  controlling  the  grain  size  in
the fillers, the filler diameter as well as the filler concentrations[78].
As a result,  ZnO composites have attracted wide attention in the
past  decades,  and  their  performance  has  been  well  studied[79,80].
However, the  diameter  of  SiC  particles  is  usually  several  micro-
meters but  that  of  ZnO  microvaristors  is  around  tens  of  micro-
meters, which makes them easily precipitate in the polymer mat-
rix and their combination with the matrix is rather loose[81]. Thus,
for  epoxy-based  SADs  and  other  applications  that  require  good
material mechanical properties, SiC fillers are preferred.
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For  SADs,  the  thorough  conduction  paths  of  the  functional
fillers are usually required to guarantee stable nonlinear conduct-
ing behavior  and  charge  release  paths.  As  a  result,  filler  concen-
tration in the material is above 30 vol. %[82,83]. Heavy load of micro-
sized fillers leads to poor mechanical property and large dielectric
loss  of  the  composites,  which  greatly  limits  the  application  of
SADs in high voltage (HV) power apparatus which requires relat-
ively high elasticity and low loss of  the material.  Researches have
been carried out to reduce the concentration of the microvaristor
fillers. One approach is employing secondary fillers to avoid heavy
doping of functional fillers. For instance, SADs featured as a tern-
ary  system  of  ZnO  microvaristor/carbon  fiber/silicone  rubber[51]

have  been  investigated  to  enhance  the  mechanical  property.  On
one  hand,  carbon  fibers  can  replace  parts  of  ZnO  fillers  to  form
the conduction paths, thus the concentration of those micro-sized
particles can be reduced; on the other hand, carbon fibers can en-
hance the tensile strength of polymer materials. Similarly, low-di-
mensional  semiconducting  fillers  including  ZnO whiskers[81], car-
bon  black[84],  lamellar  graphene[85],  etc.  have  been  investigated  as
secondary fillers for SADs, and improved mechanical property of
the materials also have been reported, shown in Figure 3(c). Nev-
ertheless, the usage of semiconducting fillers will result in an even
greater loss  of  the  composites.  In  this  approach,  the  overall  con-
centration  of  main  and  secondary  fillers  is  still  relatively  high,
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which  prevents  further  modification  of  SADs  and  incorporation
of other functional particles for multiple smart behaviors. Anoth-
er approach is to align the functional fillers to form a straightfor-
ward conduction path through applying an AC electric field dur-
ing  solidification  of  the  polymer  matrix[86,87]. This  method can re-
duce the filler concentration to below 10 vol. % (Figure 3(d)) but
will bring further greater difficulty to the manufacturing of power
apparatus or  electronic devices  with SADs.  Thus,  SADs obtained
by this approach are only reported by laboratory research.

For better  compatibility  with  polymer  matrix  as  well  as  intro-
ducing further interface effects, nano-scaled functional fillers have
also been investigated for SADs, in which nano ρ-SiC[88] and ZnO
particles[89] are  still  the  first  choice.  As  conventional  ZnO  grain
boundary  structure  can  be  hardly  realized  on  nano-scaled
particles,  the  double-Schottky  barrier  is  constructed  through  the
surface coating of  Bi2O3,  Co2O3 on ZnO nanofillers[90].  According
to  the  percolation  theory[91].  nano-scaled  spherical  particles  can
hardly form  thorough  conduction  paths  in  composites.  Also,  re-
search  has  proposed  that  besides  the  Schottky  barrier  effect,  the
hopping and tuning process in thin insulation polymer layer will
also contribute to the nonlinear behavior of composites[88]. There-
fore, the reported switching field Eb of the nanocomposites SADs
are relatively high and their  nonlinear coefficients are lower than
these of traditional SADs. For nano-fillers with a high aspect ratio,
such as wire-like, tube-like, or sheet-like ones, they can form con-
duction  paths  even  under  very  low  filler  doping  (around  10  vol.
%).  So  far,  SADs  with  the  lowest  filler  concentration  have  been
sheet-like  graphene  oxide  (GO)/PDMS  composites[92,93]. GO  pos-
sesses excellent  nonlinear conducting behavior as  there are local-
ized states  at  the  interface  between its  conduction and insulation
phase,  which  can  form  an  energy  band  structure  similar  to  the
Schottky barrier. Then due to relatively high aspect ratio, a 3 vol.
% concentration of GO can form stable conduction paths and the
composites exhibit  excellent  nonlinear  property  with  the  coeffi-
cient of above 10, as shown in Figure 3(e). Besides the case of GO,
low dimensional SiC and ZnO nanoparticles, such as SiC whisker
or ZnO nanowire are also potentials for SADs with very light filler
loading.

In summary, modern SADs are pursuing stable and high-level
nonlinearity, flexible tuned switching field as well as the light load
of nano-scaled  fillers  which  has  little  effect  on  the  original  prop-
erty  of  the  polymer  matrix.  Advanced  fabrication,  modification,
and assembling  technology  on  low-dimensional  particles  are  ex-
pected to endow SADs with further enhanced performances.

1.3    Power apparatus and devices based on SADs
Up  to  now,  the  conventional  SADs  with  SiC,  ZnO,  and  other
semiconductors as  fillers  have  drawn  great  attention  from  aca-
demia and industry. Numerous researches report the potential ap-
plication of such materials in power systems, such as high voltage
rotating  machines,  high  voltage  direct  current  (HVDC)  spacers,
and  cable  terminals,  verified  by  experiments  and  simulations.
Nonlinear  materials  have  been  applied  earlier  in  the  stator  coil.
Kelen et al. proposed a structure of SiC layer coating on the insu-
lated conductor to suppress the surface partial discharges of stator
coil ends in rotating machines[95]. Due to the nonlinear conductiv-
ity of SiC particle-loaded materials, the distribution of surface po-
tential  on  the  layer  was  almost  straight.  However,  in  the  case  of
AC dielectric strength test, the test voltage frequently exceeded the
limit  of  the SiC layer and results  in a large current pass through,
which may cause joule  losses  and temperature rise  at  the surface
of  SiC layer[96].  To  solve  this  problem,  a  novel  double-layer  stress
grading system for  high voltage  rotating  machines  was  proposed
by Umemoto et al., as shown in Figure 4[97].  The schematic of the
typical insulation structure of the end-turn stress grading system is
illustrated in Figure 4(a).  In the novel  system in Figure 4(b),  SiC
composites with higher conductivity were used as the first layer to
cover the end of conductive slot, while SiC composites with lower
conductivity  were  the  second  layer  to  cover  the  end  of  the  first
layer  for  heating  suppression.  The  way  to  obtain  such  materials
with different potential gradients was to control the particle size of
SiC  as  fillers.  According  to  the  conductivity  test  results,  samples
with  larger  particle  sizes  showed  a  higher  conductivity  and  the
composites  with an average particle  size  of  20 and 11.5 µm were
chosen for  the  first  and second layers,  respectively.  The  distribu-
tions  of  surface  potential  and  time-averaged  power  dissipations
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along the single-layer and double-layer stress grading system cal-
culated are shown in Figure 4(c).  The effectiveness of  the system
was  successfully  confirmed  by  both  simulation  and  experiment,
which showed more than 15% higher flashover voltage and better
heat suppression than the conventional single-layer ones.

Another example of application is to uniformize the locally in-
tensified electric field of polymeric outdoor insulators. Because of
the rod-like structure, the nonuniform distribution of electric field
along the insulator is a fundamental problem. Yang et al. presen-
ted a design in which a SADs layer was applied near the terminals
to  achieve  a  homogenous  electric  distribution,  shown  in

Figure 5(a)[50].  After the optimization simulation of geometry and
parameters  of  the SADs layer,  they prepared a 220 kV prototype
and  electric  field  distribution  measurements  were  performed  by
an optical  electric  field  sensor  at  10  reference  points.  The  simu-
lated electric field distribution on insulators with the SADs layer in
Figure  5(b) had a  significant  decrease  at  the  end of  the  insulator
string than the traditional insulator. As shown in Figure 5(c), the
maximum electric field and nonuniformity of electric field distri-
bution of the traditional insulator are greater than that of the in-
sulator with a nonlinear layer.
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The  major  concern  of  HVDC spacers  is  the  surface  discharge
during operating, which can significantly affect the stability of the
GIS  system.  Li  et  al.  analyzed  the  charge  transport  and  control
strategy  of  the  HVDC  spacers  and  put  forward  a  novel  model
based on the materials  with nonlinear conductivity to release the
surface  charge  accumulation,  as  shown  in Figure  6[98–100].  The
charge adaptive spacer (CACS) was shaped like a bowl, which was
composed of  the  insulation  region  and  the  charge  adaptive  con-
trol region.  This  design  allowed  the  CACS  to  meet  the  require-
ments of the longitudinal mechanic force, and more crucially, the
normal  component  of  the  electric  field  may  be  centered  on  the
spacer's  sidewall  near  the  ground  enclosure,  as  shown  in Figure
6(a). CACS with different properties were optimized by changing
the  ratio  of  Al2O3,  SiC,  and  epoxy  resin.  To  prove  the  effect  of
nonlinear  material  on  limiting  surface  charge,  the  regular  spacer
(RS),  novel  shaped  spacer  (NSS),  and  charge  adaptive  spacer
(CACS) was compared under AC and DC surface flashover tests.
The  AC surface  flashover  voltage  of  NSS  and  CACS range  from

200  to  225  kV,  which  were  higher  than  RS  with  a  breakdown
value ranging from 160 to 180 kV, as shown in Figure 6(b).  The
dispersity of the test results of CACS was lower than RS and NSS
and this may indicate that nonlinear materials have a more stable
effect on limiting charge aggregation.  The test  results  of  DC sur-
face  flashover  test,  shown in Figure  6(c),  revealed that  the  values
for different samples show a small difference. The flashover value
of RS was almost the same as NSS and CACS, which range from
−270 to −300 kV and the mean breakdown values of  them were
all in the range of −285 to −290 kV. However, under step voltage,
the surface flashover value of  CACS, ranging from −280 to −290
kV, was significantly higher than RS and NSS with values mainly
lying from −270 to −280 kV. In addition, the model spacer based
on  nonlinear  materials  had  good  competitiveness  in  the  test  of
thermal  performance  and  mechanical  performance  according  to
their report.

For the applications in power delivery equipment, such as cable
accessories,  some institutions  have  manufactured  prototypes  that
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can be used to test.  Asea Brown Boveri (ABB) has developed the
prototype of a cold shrink 84 kV cable termination with ZnO mi-
crovaristors/SiR composites[101]. And it  is  reported  that  the  proto-
type successfully passed all the tests including discharge tests, AC
withstand tests,  and  lighting  performed on a  72  kV cable.  A  dry
outdoor vertical 145 kV cable terminal based on nonlinear mater-
ial was also developed successfully[102]. At present, cable accessories
with higher voltage based on nonlinear materials  are not yet  im-
plemented, but  plenty  of  simulations  and designs  have been car-
ried out by researchers[58,102].

The operation reliability of high voltage bushing is a key prob-
lem in power transmission projects. With a cylindrical structure in
the radial direction and a “plug-in” structure in the axial direction,
the concentration of electric field may cause the discharge or even
breakdown of the insulation. In general, the method to avoid the
issue  is  to  build  a  multi-capacitor  layer  structure,  which  also
makes its  production  process  complex  and  quality  control  diffi-
cult.  For  this  widespread  problem,  it  is  very  effective  to  create  a
grading  system  by  nonlinear  materials.  Zhao  et  al.  designed  an
only three-layer adaptive bushing based on nonlinear materials[34].
The structure  diagram is  shown in Figure  7(a)[34]. The field  grad-
ing  layer  used  the  conventional  nonlinear  composites  material
with  a  low  nonlinear  coefficient  and  high  threshold  electric  field
for the field grading in the radial distribution of electric field, while
the  electrode  extended  layer  used  ZnO  microvaristors  particle-
loaded  one  with  a  high  nonlinear  coefficient  and  low  threshold
electric  field  for  the  suppression  discharge  at  the  edge  of  the

flange. The leakage current limiting layer was composed of gener-
al  insulation materials,  such as epoxy and linked polyethylene, to
reduce  the  loss  of  heating.  The  size  and  material  parameters  of
each layer were optimized separately by finite element simulation
and the radial electric field distribution of the capacitance-graded
bushing  and  the  adaptive  bushing  under  various  temperature
fields are shown in Figure 7(b)[34].  For the capacitive bushing,  the
radial  electric  field  distribution  was  reversed  under  high-temper-
ature field, which can be attributed to the variation conductivity of
the  insulation  material  in  the  condenser  core.  The  electric  field
grading method of this bushing completely depends on the multi-
capacitance structure, which means that once the internal materi-
al properties  changes,  the  maximum  electric  field  will  continu-
ously grow. As for the adaptive bushing, the grading system com-
posed of nonlinear materials at the field grading layer introduced
feedback to the parameters of materials to adapt the temperature
field,  and  the  maximum  electric  field  was  limited  to  about  50%
with a value of 4 kV/mm. Another essential problem was the weak
point at the flange with strong vertical electric field. The condens-
er  core  of  multi-capacitance  system  could  shield  the  flange  but
also triggers  an  electric  concentration  at  the  end  of  the  last  con-
denser core with a simulated value of 8.39 kV/mm, as seen in Fig-
ure  7(c)[34].  The  electrode  extended  layer  in  the  novel  structure
used a class of highly nonlinear material to establish an equivalent
electrode with local high conductivity near the edge of the flange
and the maximum electric field in the whole insulation decreased
to 4.58 kV/mm.
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For  application  in  electronics,  Wang  et  al.  first  proposed  the
idea  of  using  composites  with  nonlinear  conductivity  as  novel
packaging materials  of  power electronic module to achieve a ho-
mogeneous  distribution  of  electric  field[103]. They  added  a  ferro-
electric filler barium titanite to a silicon-based gel to form a com-
posite gel with nonlinear conductivity. Using this composite gel in
a power electronics module through finite element simulation, the
electric field level near the metalized edge of the substrate was sig-
nificantly  reduced.  However,  one  of  the  methods  to  adjust  the
conductivity  of  composites  gel  was  to  change  the  filler  volume,
which may increase the viscosity of the gel and could not be used.
Based on the ZnO microvaristors particle-loaded nonlinear com-
posites  with a  lower  threshold electric  field  and higher  nonlinear
coefficient at the same filler volume, Donzel of ABB proposed the
design  of  ZnO  microvaristors/polyimide  composites  as  a  layer
coating  on  the  Aluminium  nitride  (AlN)  substrate  of  insulated
gate  bipolar  transistor  (IGBT)[104].  To  achieve  the  best  effect  of
grading  electric  field,  they  controlled  the  sintering  temperature
and dwell time of the ZnO microvaristors to adjust the grading ef-

fect  and  the  composites  with  a  relative  permittivity  of  12  and  a
nonlinear coefficient  of  12  were  chosen.  By  means  of  finite  ele-
ment simulations, they established a model of the novel system to
evaluate  the  distribution  of  electric  field.  The  simulation  model
without  an  extra  coating  layer  showed  a  maximum  electric  field
inside the silicone gel of 260 kV/mm, which may result in failure
of partial discharge test. While for the model with a coating layer,
an efficient electric field reduction was obtained by superior grad-
ing  performance  of  nonlinear  materials.  The  electric  field  at  the
critical  triple  point  was  significantly  reduced  and  the  maximum
electric field values were as low as 7 and 6 kV/mm at the protru-
sion and the layer interface, respectively.

1.4    Outlook for SADs
New  materials  have  been  widely  acknowledged  as  one  of  the
biggest opportunities  for  the  next  generation  of  electric  equip-
ment,  coexisting  with  challenges.  We  believe  deeper  research  of
SADs would benefit the design and manufacture of various power
equipment.  Future  SADs,  as  intelligent  materials,  can  adapt  to

Smart dielectric materials for next-generation electrical insulation REVIEW

 

iEnergy | VOL 1 | March 2022 | 19–49 25



various voltage levels in different power equipment, so as to uni-
formize electric  field  distribution,  improve  insulation  perform-
ance and reduce the size of equipment. Another market with huge
potential for  SADs is  the application in electronics.  With the de-
velopment  of  electronics  towards  high  integration  and  power,
electronics instruments  suffer  from local  high electric  field,  over-
shoot voltage, and electrostatic discharge by the sharp reduction in
production  size  and  ever-increasing  power  density.  Just  like  the
creatures in nature adapting to the environment, we would like to
see  SADs  available  for  all  kinds  of  problems  caused  by  electrical
overstress.

2    Self-reporting dielectrics
Self-reporting  materials[57,105],  also  known  as  self-sensing
materials[106,107], are smart polymers that can report information on
internal  performance  and  external  surroundings  by  changing
physical  or  chemical  properties  in  response  to  extrinsic  stimuli
such as light[108], temperature[109], mechanical stress[110], electrical po-
tential[111],  pH[112],  ions[113],  biological  ligands[114], etc.  Numerous  nat-
ural events  serve  as  inspiration  for  fabricating  self-reporting  ma-
terials. When an animal’s skin is injured, for example, blood flow
and  pain  perception  are  presented,  which  can  help  the  animal
sense  and  escape  danger  swiftly[105].  In  recent  years,  self-reporting
materials  have  mostly  been  used  to  detect  mechanical  stress[115],
microcracks[116],  and  metal  corrosion[117].  However,  to  the  best  of
our knowledge, the application of self-reporting insulating mater-
ials in the electricity sector has not been thoroughly reported. Sol-
id insulation is unrecoverable, therefore the accumulation of dam-
age and deterioration raises the probability of electrical failure, es-
pecially when electrical equipment is used for an extended period
of time in a harsh environment, such as UV irradiation, overheat-
ing,  acid  rain,  stress  concentration.  In  addition,  under  extremely
high voltage and strong electric field, even a tiny insulation defect
anywhere  may lead to  a  breakdown with  no apparent  indication
or  warning.  As  a  result,  the  unpredictability  of  insulation  failure
makes early detection and prevention exceedingly challenging. In
contrast  to  monitoring  and  measuring  by  external  equipment,
programming dielectrics  with  bioinspired  and  autonomous  cap-
abilities to  deliver  a  visible  alert  to  potential  risks  in  solid  insula-
tion  is  a  more  facile  and  efficient  approach  to  overcoming  the
obstacles mentioned above. These biomimetic dielectric materials
with  autonomous  forewarning  abilities  might  as  well  be  referred
to as  self-reporting  dielectrics  (SRDs).  If  the  technology  of  syn-
thesis and utility of SRDs matures,  the damage and deterioration
in  solid  insulation  can  be  detected  by  the  naked  eye  or  optical
monitoring  devices  conveniently.  Furthermore,  the  security  and
stability  of  transmission  lines  and  electrical  equipment  will  be
heavily promoted.

In  the  field  of  basic  research  in  materials  science,  stimuli-re-
sponse materials  and sensing materials,  which are  comparable  to
the notion of self-reporting materials,  are more generally focused
and intensively explored[118,119]. Up to now, a large number of smart
materials  have  been  developed  to  sense  and  detect  a  variety  of
physical  quantities,  chemical  surroundings,  or  biological  targets.
Stimuli-chromism,  which  involves  photochromism[120], thermo-
chromism[121],  mechano-chromism[122],  hydrochromism[123], solvato-
chromism[124],  electrochromism[125],  and  so  on,  is  the  most  typical
response  of  these  materials  undergoing  activation  by  external
stimuli.  Such  stimulants  can  also  trigger  some  of  them  to  emit
fluorescence[126,127] or  luminescence[128,129].  A  wide  range  of  studies
have  focused  on  this  type  of  smart  material  owing  to  its  broad

variety  of  advanced  applications  in  aerospace[130],  automotive[131],
civil  engineering[132],  electrical  engineering[133],  microelectronics[134],
printing[135],  chemosensors[136],  bioimaging[137],  drug  delivery[138],  etc.
These  outstanding  researches  have  the  potential  to  motivate  the
development  and  application  of  SRDs  in  electrical  insulation.  So
far, plenty  of  comprehensive  reviews  have  been  published  con-
cerning  bioinspired  materials[139–141],  stimuli-responsive
materials[118,142,143],  sensing  materials[119],  and  self-reporting
materials[105,116,117,144].  Concepts,  syntheses,  mechanisms,  applications,
and challenges are introduced in detail. In this section, the funda-
mental concepts  and  essential  principles  of  several  types  of  ex-
tensively  investigated  and  widely  implemented  smart  polymers
that contribute to the fabrication and utility of SRDs are induced
and presented.

Self-reporting  materials  based  on  photochromic  compounds,
conjugated polymers,  and  microencapsulated  systems  are  intro-
duced  in  the  following.  Photochromic  compounds  are  organic
small molecules isomerizing between two chemical structures with
different  physical  or  chemical  characteristics  in  response  to  light
irradiation[118]. By physically or chemically incorporating them in-
to  polymer  matrices,  a  great  number  of  self-reporting  materials
with the  ability  to  respond  to  various  stimuli  can  be  manufac-
tured. Conjugated polymers such as polydiacetylenes (PDAs) pos-
sess fascinating and valuable optical and electronic properties due
to their unique backbone formed by alternating single and double
bonds[145]. Different degrees of backbone distortion induced by in-
teractions  between  side  chains  and  external  stimuli  cause  varied
macroscope  colors  of  PDAs.  A  wide  range  of  highly  visualized,
flexible,  and  selective  self-reporting  materials  are  fabricated  by
modification methods based on decorating diacetylene monomers
and  synthesizing  composite  materials[146]. Microencapsulated  sys-
tems  are  independent  material  systems  composed  of  indicator
solutions  for  visualizing  the  damage  inside  bulk  polymers  or  on
their surfaces, as well as encapsulating containers for isolating in-
dicators from their surrounding environment[144]. Attributed to the
existence of encapsulating containers, the detrimental interactions
between microencapsulated indicators and polymeric matrices are
eliminated.  This  type  of  material  is  commonly  used  to  detect
polymer damage or fatigue, along with metal corrosion.

2.1    Self-reporting materials  based  on  photo-chromic  com-
pounds
Photochromic  compounds,  such  as  spiropyran,  spirooxazine,
azobenzene,  diarylethenes,  and  their  derivatives,  undergo  photo-
induced isomerization leading to a change in physical and chem-
ical properties[118]. These compounds also display a variation in vis-
ible light absorption or fluorescence emission in response to other
stimuli,  including  polarity,  pH,  temperature,  etc.,  owing  to  the
high chemical activity of specific groups or bonds[147–150]. Spiropyran
(SP) and its  derivatives[151] are the most extensively explored pho-
tochromic  compounds,  which  consist  of  indoline  and  chromene
moieties.  In  the  inactivated  state,  the  planes  of  the  two  moieties
are orthogonal, the chromene moiety presents a ring-closed form,
and the SP molecule is hydrophobic, nonpolar, and colorless. The
ultraviolet  (UV)  light-induced  bond  cleavage  of  the  spiro  C–O
takes place, along with the molecule isomerizing to a hydrophilic,
polar,  and  colored  merocyanine  (MC)  form  with  a  conjugated
planar zwitterionic structure.  And the ring-opened MC molecule
reverses  to  the  ring-closed  SP  form upon visible  light  irradiation
or heat (Figure 8). Spirooxazine and its derivatives[152] have a struc-
ture  and  a  stimuli-chromic  mechanism  similar  to  spiropyran.
They display a good response towards various external stimuli and
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show  a  higher  fatigue-resistance  and  a  longer  lifetime  compared
with  spiropyran.  The  azo  group  of  azobenzene  and  its
derivatives[153] undergoes  trans-cis  isomerization  when exposed  to
UV/visible  light  irradiation  or  heat.  The  variation  in  chemical
structure not only induces a color change in azobenzene but also
affects the physicochemical characteristics of its surrounding me-
dium significantly. Dithienylethene[154] is a kind of diarylethene de-
rivative that is widely used. A reversible cycloaddition reaction oc-
curs under alternating UV and visible light irradiation, along with
a photochromic  phenomenon.  Photoswitchable  conductive  ma-
terials containing  dithienylethenes  have  the  potential  to  be  prac-
tically implemented  in  the  commercial  sector.  Activated  dithi-
enylenthene possesses stronger visible light absorption and higher
conductivity than its  ring-opened form. By physically and chem-
ically  incorporating  photochromic  compounds  into  polymeric
matrices  such  as  doping[155],  copolymerization[156],  crosslinking[157],
and  grafting[158],  a  wide  range  of  self-reporting  materials  with  a
variety of stimuli-responsive behaviors can be manufactured.

Photochromism is the most fundamental characteristic of pho-
tochromic compounds.  The chromophore that  is  sensitive to the
surrounding properties  is  required to  be  protected from destruc-
tion in  the  process  of  preparing.  An  improvement  in  pho-
toswitchability, reversibility,  photostability,  and  photofatigue  res-
istance is expected to be achieved by the rational design and syn-
thesis  of  photo-responsive  polymers[118].  Schenderlein  et  al.[159]

chemically  incorporated  a  terpolymer  consisting  of  SP  moieties,
benzophenone groups, and dimethylacrylamide units onto planar
silicon and glass surfaces by UV irradiation and subsequently syn-
thesized surface-attached, light-switchable polymer networks. The
UV/vis absorption peak and the maximum wavelengths (λmax) of
the  photochromic  surface  varied  corresponding  to  the  intensity
and duration of UV illumination. As a result, the intensity of un-
known  UV  irradiation  could  be  deduced  by  the  color  or  visible
light absorption spectrum of the surface.

Plenty of polymers undergo mechanical stress such as tension,
compression,  and  shear  in  engineering  applications.  Therefore,
self-sensing of  fatigue,  degradation,  and  failure  in  materials  con-
duces to the robustness and stability of mechanical systems. Davis
et al.  proposed a self-reporting method for sensing force-induced
deterioration  and  failure  of  polymers[52].  In  this  method,  SP  as  a
mechanophore was incorporated into polymers, and both moiet-
ies  of  the  molecule  were  individually  connected  to  a  polymeric
chain. The  force-induced  deformation  of  polymeric  matrices  in-
tensified the tensile stress of SP molecules so that a bond cleavage
of spiro C–O took place,  resulting in the colorless molecules iso-
merizing  to  the  colored  MC  form.  Subsequently,  a  color  shift  in
the site of deformation or deterioration was observed, and the de-
gree of it deepened as the stress on the matrices was enhanced un-
til  a  fracture  of  the  material  occurred  (Figure  9(a)).  Spiropyran
mechanophores  have  so  far  been  utilized  in  all  kinds  of  glassy
(such as poly (methyl methacrylate)[160],  polystyrene[161], polycapro-
lactone[162], etc.) and rubbery (polymethacrylate[52], polyurethane[163],
polydimethylsiloxane[157],  etc.)  polymeric  matrices  successfully.  In
addition,  Kosuge  et  al.  synthesized  a  novel  force-induced  self-re-
porting  polymer  by  employing  diarylbibenzofuranone  (DABBF)
as a mechanophore and investigated its mechanochromic charac-
teristics  systematically[164].  The  central  C–C  bond  rupture  of  the
DABBF  group  upon  mechanical  force  led  to  the  formation  of
stable blue radicals, and thus a color variation of the material from
light  yellow  to  blue  occurred.  They  also  fabricated  a  multicolor
mechanochromic polymer/silica composite by using the two types
of  mechanophore  mentioned  above,  which  exhibited  multiple
color states in response to different intensities of applied external
stimuli (Figure 9(b))[165].

The electrochromic materials are manufactured by incorporat-
ing the  photochromic  compounds  into  electroactive  matrices  in-
cluding  conductive  polymers,  gold  nanoparticles,  and  electrolyte
solutions. Zhu et al. explored the electrochromic behaviors of two
types of oxazine derivatives in both solution and indium tin oxide
(ITO)  devices[166]. When  the  chromophore  was  activated  by  elec-
tric stimuli,  the opening reaction of  the oxazine took place,  lead-
ing to a color change from yellow to blue. They measured as well
the  UV/vis  absorption  spectrum  of  the  material  as  the  applied
electrical potential varied in the range of 0–2.1 V and revealed that
the higher the voltage applied, the stronger the absorption intens-
ity  of  visible  light  and  the  more  obvious  the  color  variation  was
(Figure 10(a)).  Based on the characteristics mentioned above, the
material has the potential to be used to detect the magnitude of an
unknown voltage applied to it.

The photochromic property of spiropyran is affected by its sur-
rounding media. To be precise, the interactions between the photo-
triggered  zwitterionic  MC  molecules  and  the  solvents  or  media
impact  the  polarity  of  the  molecules  themselves,  resulting  in  a
variety of colors being presented. This phenomenon is referred to
as photoswitchable solvatochromism of spiropyran. Rosario et al.
studied the solvatochromism of a spiropyran-modified surface of
glass substrates in different solvents with various polarities[167]. The
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UV/vis  absorption  and  fluorescence  emission λmax of  the  surface
on which  the  SP  chromophore  was  covalently  incorporated  ex-
hibited  a  hypsochromic  shift  as  the  polarity  of  the  solvents  was
enhanced.  In  high  polarity  solvents  containing  hydrogen  bonds,

the hydrogen bonding and dipole-dipole interactions between the
zwitterionic MCs and the solvents stabilized the ring-opened mo-
lecules, and therefore a negative photochromic phenomenon was
observed. Based on the  aforementioned mechanism,  self-  report-
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ing materials  with  the  ability  to  sense  the  polarity  of  their  sur-
roundings and  identify  a  variety  of  organic  solvents  can  be  de-
signed  and  synthesized.  Florea  et  al.  prepared  a  sensing  material
that  can detect  solvents  with different  polarities  by  incorporating
SP functionalized  polymer  brushes  into  fused  silica  microcapil-
laries[168]. The  SP  chromophores  that  were  activated  to  MC  iso-
mers  by  UV  irradiation  in  advance  were  influenced  by  solvents
with diverse  polarities  flowing  through  the  microcapillaries  con-
tinuously, and  thus  displayed  a  series  of  optical  and  spectral  re-
sponses correspondingly (Figure 10(b)).  Upon further analysis  of
the color and spectrum, the type of unknown solvent could be es-

tablished facilely.
The acidochromic mechanism can be interpreted that the ring-

opened MC isomer of spiropyran exists in the form of yellow pro-
tonated MCH+ in the acidic or protonic media but recovers to the
purple  MC  form  in  basic  or  aprotic  surroundings  (Figure  8).  In
order to maintain the chemical activity of the acidochromophore
in nonpolar solvents, spiropyran is required to be triggered by UV
light to avoid it isomerizing back to the ring-closed form. Abdol-
lahi  et  al.  prepared  a  novel  photoswitchable  pH sensing  material
by  chemically  incorporating latex  particles  containing spiropyran
into  cellulose[169].  The  material  was  able  to  rapidly  respond  to
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solvents  with  varying  pH  levels  by  exhibiting  a  variety  of  colors
(Figure 10(c)).

The  zwitterionic  MC isomer  can coordinate  with  various  ions
and hence presents  multiple  colors,  which is  known as the iono-
chromic property  of  spiropyran.  Its  electron-rich phenolate  moi-
ety  is  facile  to  incorporate  with  cations,  while  the  electron-defi-
cient  indolium  ring  is  sensible  to  anions.  Fries  et  al.  obtained  a
photoswitchable  ionochromic  material  by  covalently  binding  the
copolymer  of  spiropyran  methacrylate  derivative  (SPMA)  and
methyl  methacrylate  (MMA)  onto  the  surface  of  a  glass
substrate[170]. The surface showed a specific optical and spectral re-
sponse  to  several  divalent  metal  cations  (Figure  10(d)). In  addi-
tion, Shiraishi et al. demonstrated that nitrospiropyran could also
detect the cyanide ion (CN-) in aqueous[171].

2.2    Self-reporting materials based on conjugated polymers
Conjugated polymers,  such  as  polydiacetylene  (PDA),  poly-
thiophene,  polypyrrole,  etc.,  are  organic  macro-molecules  with  a
backbone consisting of alternating single bonds and double bonds.
Their  π-electron  delocalization  formed  by  the  overlap  p-orbitals
results in attractive optical and electronic properties[145]. PDA with
excellent stimuli-responsive  characteristics  has  enormous  poten-
tial  to  endow the  self-reporting  ability  to  polymeric  dielectrics.  It
shows  an  apparent  color  change  in  response  to  a  wide  range  of
physical,  chemical,  and  biological  stimuli,  such  as  temperature,
mechanical stress, current, organic solvent, ions, biomolecules, etc.

When PDA is  excited  by  external  stimuli,  the  conformation  dis-
tortion of its backbone leads to an increase in the freedom of mo-
tion and randomness of the side chains. Less coplanar side chains
and shorter  p-conjugation  length  causes  that  the  UV/vis  absorp-
tion  peak  undergoes  a  hypsochromic  shift  from  650  to  550  nm,
which  means  that  the  material  displays  a  distinct  color  change
from blue to red[172].

Thermochromism is  the  most  fundamental  stimuli-responsive
property of PDA material.  When the environmental temperature
is higher than the activated temperature of PDAs, its  visible light
absorption intensity  varies  continuously as  the surrounding tem-
perature  rises,  and  hence  the  color  of  the  materials  presents  a
series  of  intermediate  states  that  can be  recognized by  the  naked
eye[173] (Figure  11(a)).  To  prepare  PDAs  with  different  activated
temperatures, reversibility, and thermostability, plenty of molecu-
lar  modification  methods  are  proposed[174].  The  variation  in  head
groups[175],  alkyl  side  chains[146], and  the  position  of  conjugate  di-
acetylene[176] may affect the thermochromic behaviors of PDA ma-
terials.  Therefore,  it  is  facile  to  fabricate  chemosensors  based  on
PDAs for  monitoring the internal  overheating of  equipment and
the  environmental  temperature  in  a  variety  of  scenarios.  Peng  et
al.[177] manufactured  a  robust  thermochromic  composite  material
by  incorporating  artificial  nacre  onto  montmorillonite  substrates
and introducing the PDA thermochromophore into the compos-
ite.  The  visible  absorption  peak  of  the  material  gradually  shifts
from 620 to  530 nm with  consecutively  increasing the  temperat-
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ure  from 20 to  70  degrees  Celsius,  and thus  the  color  undergoes
multiple changes from purple to red (Figure 11(b)).

When  PDA  is  exposed  to  organic  solvents,  the  interaction
between the solvent molecules and the pendant groups induces a
deformation  of  the  backbone  and  gives  rise  to  solvatochromism.
This behavior is usually nonspecific and related to the polarity of
the environment, that is, the degree of distortion of backbone and
color  variation  depends  on  the  polarity  of  solvents  rather  than
specific organic  molecules.  Therefore,  it  is  intractable  to  distin-
guish  different  solvents  with  comparable  polarities  by  observing
the color  or  the  spectrum  of  PDA  sensors.  Similar  to  thermo-
chromism, modifying  the  headgroups  can  change  the  solvato-
chromic  behaviors  of  PDA  in  an  identical  solvent.  As  a  result,
preparing a group of PDAs with different solvatochromic behavi-
ors  is  an  effective  strategy  to  identify  solvents  with  approximate
polarities. Park  et  al.  deposited  four  diverse  PDAs  onto  the  con-
ventional paper by an inkjet printer to form a detect array, which
exhibits  various  color  patterns  (“fingerprint”)  in  response  to  11
organic solvents[178]. Comparing the color response of the PDA ar-
ray  with  the  fingerprint  of  each  solvent,  an  unknown  solvent
could be established.

The  intermolecular  forces  due  to  mechanical  deformation  in
the polymeric matrix transfer to the backbone of PDA, leading to
the reduction of the conjugation length and a mechanochromism.
This property is useful to detect certain analytes. For example, sat-
urated aliphatic hydrocarbons (SAHCs) are difficult to directly in-
duce  a  solvatochromism  on  account  of  the  nonpolarity  of  the
solvent molecules and the lack of functional groups that can inter-
act  with  the  PDA  probes.  Park  et  al.  exploited  the  mechanical
stress  by  the  swelling  of  a  PDMS  matrix  successfully  induced  a
color  transition  of  PDA  that  was  physically  incorporated  into
PDMS  films[179] and  microbeads[180].  They  also  discovered  that  the
faster  swelling  of  PDMS due  to  the  hydrocarbons  with  a  shorter
alkyl  chain  activated  the  PDA  molecules  to  display  a  color  shift
from blue to red more rapidly.  This stimuli-chromic phenomen-
on is helpful to contrast different alkyl chain lengths. In addition,
Seo et  al.  reported that  the  swelling by the  interaction between a
dry  hydrogel  matrix  and  water  could  induce  PDA  nanofibers  of
which  the  pendant  groups  were  chemically  incorporated  to  the
hydrogel ions to present a significant color change[181].

PDA can be photo-triggered as well by grafting photo-respons-
ive  compounds  to  the  headgroups  of  side  chains  and  doping
photo-sensitive moieties that can interact with the headgroups in-
to the matrix. The variation in physical and chemical properties of
the photo-responsive  moieties  by  light  irradiation  impact  the  in-
teraction with PDA backbones, driving a blue-to-red colorimetric
transition.  Baek  et  al.  reported  a  reversible  photochromism  of
PDA crystal  of  which the  headgroups  were  modified  by  azoben-
zene[182]. The trans-cis isomerization of azo groups undergoing UV
illumination  and  hydrogen  bonds  provided  by  amines  led  to  a
color switch and crystal tearing phenomenon.

The poor  electrical  conductivity  hinders  electrons  from  indu-
cing a backbone deformation, therefore the external electric field is
difficult to  drive  an  electrochromism  of  PDA.  An  effective  solu-
tion is to prepare a carbon nanotube (CNT)/PDA composite with
a  higher  conductivity  by  inducing  polymerization  of  diacetylenic
precursors on CNT surfaces (Figure 12(a))[53]. When current flows
through  the  CNTs,  the  hopping  of  electrons  among  CNTs
changes the interactions of PDA side chains,  leading to the PDA
backbone  being  distorted  and  the  conjugation  length  decreasing.
Zhang et  al.  reported  a  current-triggered  irreversible  electro-
chromism of PDA-PMMA graphene composite materials[183]. They

discovered  a  linear  relationship  between  the  graphene  mass  and
the  critical  responsive  current,  which  is  crucial  to  adjusting  the
stimuli-chromic behaviors of the composites (Figure 12(b)).

The interaction between the headgroups and analytes  can dis-
turb the PDA backbones and result in an affinochromism, which
is another extensively explored and widely utilized characteristic of
PDAs.  Decorating  headgroups  aiming  at  specific  chemical  and
biological analytes  endows PDAs with  high selectivity  for  detect-
ing the targets.  Song et al.  realized a rapid visualized detection of
the  H1N1  influenza  virus  by  employing  peptide-functionalized
polydiacetylene  nanoparticles[184].  The  specific  binding  between
peptide  groups  and  the  HA1  protein  on  the  virus  distorted  the
PDA backbones.  And  the  deformation  was  more  and  more  dis-
tinct as  the  virus  concentration  increased,  and  thus  the  nano-
particles exhibited a color transition from blue to purple and ulti-
mately to red.
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2.3    Self-reporting materials based on encapsulated systems
In self-reporting materials using encapsulated systems, the encap-
sulating containers isolate indicator solutions from the polymeric
matrix, and  thus  the  detrimental  interactions  between  microen-
capsulated  indicators  and  media  are  maximally  eliminated.  The
microcracks in  bulk  polymers  and  bruises  on  their  surfaces  rup-
ture the encapsulating containers,  and the indicator solutions are
released into the void of damage or overflow to the impaired sur-
faces. The disengaged indicators are subsequently triggered by ex-
ternal stimuli,  leading  to  a  change  in  color,  fluorescence,  or  lu-
minescence[144].  This  type  of  material  is  commonly  employed  to
visualize the mechanical damage in polymers, bruises on surfaces,
and  metal  corrosions  for  microcrack  detection,  structure  health
monitoring,  and  catastrophic  failure  prevention  of  aerospace,
automotive, civil engineering, and wind-turbine applications.

According to  the  type  of  encapsulating  containers,  the  encap-
sulated systems  are  divided  into  three  categories,  that  is,  micro-
capsules, hollow fibers,  and vascular systems. Microcapsules con-
stituted by  hollow  sphere  polymer  shells  are  widely  focused,  ex-
tensively explored,  and  intensively  utilized  containers  in  the  as-
pect of imparting mechanochromic and self-reporting capabilities
to materials[105]. The synthesis proceedings of microcapsules mainly
include emulsion of the cores and polymerization of the shells[185].
During this process, the hydrophobic core materials are added in-
to the aqueous stirred rapidly to form an o/w emulsion. Then the
polymerization is triggered at the interface of the water and the oil
phase to form a shell  wall.  By embedding the indicator-filled mi-
crocapsules  into  the  polymeric  matrix,  a  self-reporting  material
with the  ability  to  detect  mechanical  damage  can  be  manufac-
tured. Hollow glass fiber is another popular container implemen-
ted  to  store  and  release  indicators,  which  is  usually  incorporated
into non-reinforced plastics[186]. The fiber not only possesses excel-
lent compatibility with a variety of polymers but also can enhance
the mechanical properties of the matrices. Compared with micro-
capsules, hollow  fibers  can  report  and  repair  damage  more  effi-
ciently due to larger storage of indicators and healing agents. Mi-
crochannel  and vascular  networks  with  more  complicated 2D or
3D structures can realize multiple autonomous repairs of damage
on  a  larger  scale[187].  Similar  to  circulatory  systems,  all  indicators
and  healing  agents  are  connected,  hence  they  can  migrate  freely
and replenish efficiently.

White et  al.  realized  autonomous  healing  of  polymers  by  fab-
ricating  microcapsule/polymer  composites[188].  The  encapsulated
healing agent  was  released  from  the  ruptured  microcapsules  be-
fore  the  polymerization  of  the  agent  was  activated  by  a  catalyst
embedded into polymers in advance. To visualize the self-healing
process, a red dye was encapsulated into the containers simultan-
eously.  Nevertheless,  it  was  difficult  to  distinguish  microcapsules
and microcracks  by  the  naked  eye,  because  both  of  them  dis-
played a  red  color.  To  increase  the  color  contrast  between  dam-
aged and undamaged regions,  a strategy of encapsulating switch-
able indicators  was  proposed.  In  this  strategy,  the  inactivated  in-
dicator constrained in the containers was supposed to be colorless
and present a bright color after it  was released into the damaged
sites and triggered by external stimuli, such as pH, UV light, cata-
lyst, etc.

Vidinejevs  et  al.  reported  a  pH-induced self-reporting  strategy
for visualizing microcracks in both acrylic resin[189] and fiber-rein-
forced composite[190]. In this  strategy,  the microencapsulated crys-
tal violet lactone leuco dye isomerized to a blue ring-opened form
in  an  acidic  environment  provided  by  silica  gel  or  methyl  4-hy-
droxybenzoate. Li et al. employed 2′,7′-dichloro-fluorescein (DCF)

as a pH-switchable indicator to prepare a type of material with the
ability  to  autonomously  report  damage[191]. The  acidic  DCF  re-
leased to the resin matrix was induced to a basic form in a basic
surrounding provided by residual amines, leading to a color shift
from light yellow to bright red at the damage site (Figure 13).
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Credico  et  al.  fabricated  a  UV-induced  self-reporting  material
by  embedding  microcapsules  consisting  of  UV-responsive  core
and  UV-absorbing  shell  into  the  polymer  matrix[192]. The  uncon-
strained indicators released by containers were directly exposed to
UV  irradiation,  while  the  encapsulated  cores  were  protected  by
the shells from being triggered. As a result, a photochromism that
could be facilely observed by the naked eye occurred in the deteri-
orated  site  (Figure  14).  Postiglione  et  al.  manufactured  a  type  of
self-sensing  material  based  on  microcapsules  composed  of  UV-
shielding  shells  and  fluorescent  liquids[193]. Similar  to  the  photo-
chromic  cores  mentioned  above,  only  if  the  core  materials  were
released from the ruptured capsules, the photofluorescent process
took  place  without  the  protection  of  shells.  Therefore,  a  UV-in-
duced blue fluorescent emission could be detected from the loca-
tions of microcracks.

Odom et al. reported a novel damage sensing strategy by using
a catalyst  to initiate polymerization and generate colored conjug-
ated  polymers[194].  To  be  precise,  the  microcapsules  containing
1,3,5,7-cyclooctatetraene  (COT)  monomer  and  Grubbs−Love
(GL) catalyst were dispersed into the polymeric matrix. The nearly
colorless COT monomers induced by GL catalyst underwent ring-
opening metathesis  polymerization  to  produce  the  red  poly-
acetylene, which made a distinct color contrast between damaged
and  healthy  polymers.  Robb  et  al.  utilized  the  aggregation-in-

REVIEW Smart dielectric materials for next-generation electrical insulation

 

32 iEnergy | VOL 1 | March 2022 | 19–49



duced emission (AIE) effect to develop a physically activating self-
reporting  material  for  indicating  mechanical  damage[195]. The  mi-
croencapsulated AIE luminogens presented no fluorescence when
dissolved  in  an  appropriate  solvent,  but  an  emission  turned  on
after they precipitated from the solvent due to their intramolecu-
lar  motions  being  restricted.  Hence,  the  excurrent  core  materials
exited  by  UV  illumination  emitted  a  blue  fluorescence  after
solvent evaporation.  Lavrenova  et  al.  proposed  a  microencapsu-
lating self-reporting  method  for  visualizing  the  mechanical  de-
formation  and  damage  based  on  charge-transfer  complexes[196].
The  donor  and  the  acceptor  were  individually  encapsulated  into
microcapsules and  uniformly  dispersed  into  PDMS.  The  incor-
poration of  the  two core  materials  upon deformation or  damage
led to a color variation from yellow to red in the polymeric matrix.

Chen et  al.  recently  developed  a  self-reporting  material  con-
taining  dual-compartment  microcapsules  for  mechanical  stress
and  microcrack  visualization[197]. Two  distinct  payloads  were  en-
capsulated into  different  compartments  of  identical  microcap-
sules in  their  scheme.  Due  to  the  extremely  short  diffusion  dis-
tances  for  the  two-component  reaction,  the  color  changed  more
rapidly  and  significantly  at  the  damaged  site  compared  with  the
traditional double-microcapsule self-reporting tactics (Figure 15).

2.4    Outlook for SRDs
The ideal  self-reporting dielectrics are expected to possess capab-
ilities  of  expeditiously  reporting,  significantly  responding,  and

precisely diagnosing.  Once  the  unacceptable  insulation  degrada-
tion or environmental deterioration occurs, SRDs are supposed to
immediately display  changes  in  color,  fluorescence,  or  lumines-
cence to report latent risks of catastrophic failure. The variation of
optical  properties  should be  easily  identified by the  naked eye  or
optical  monitoring  devices  without  any  ancillary  equipment.  To
eliminate both  false-positive  and  false-negative  results,  a  reason-
able response threshold is supposed to be preset, as well as the ac-
tivated chromophore or fluorophore of SRDs should be switched
off after  material  performances  or  environmental  conditions  re-
turn to normal levels.

Three stages of SRDs from concepts to applications are depic-
ted as follows. In highly controlled and optimized laboratory con-
ditions,  SRDs for  various scenarios  such as  external  insulation of
insulators,  internal  insulation  of  cables,  and  major  insulation  of
electric machines are expected to be developed. To enter the com-
mercial sector, a lot of efforts are required to maintain the self-re-
porting functions of SRDs in complicated external environments,
and high enough stability and fatigue resistance of  the polymeric
matrices  in  the  lifecycle.  Furthermore,  SRDs  are  expected  to  be
fused with artificial intelligence technology, such as machine per-
ception and computer vision. An advanced system for autonom-
ously  monitoring  and  prewarning  the  performance  of  dielectrics
in diverse scenarios can be constructed in the future.

3    Self-healing dielectrics
Self-healing  mechanisms  are  quite  universal  in  living  organisms,
which make it possible to maintain a stable physiological environ-
ment and  reestablish  normal  functions  of  life.  From  fixing  mis-
created molecules (such as DNA or proteins) to regenerating cells
and tissues, self-healing endows creatures with the ability to resist
internal or external damage and a prolonged lifespan. As damage
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resistance and long lifetime are also ideal  characteristics  for  non-
living materials, much effort has been made in order to introduce
self-healing property into synthetic materials. To date, a variety of
self-healing approaches  have  been  proposed,  including  microen-
capsulation, reversible  bonds  and  interactions,  physical  interdif-
fusion, etc[198,199]. However, most of the current research focused on
the  healing  of  mechanical  damage,  in  which  fracture  load  and
other mechanical properties were used to evaluate the efficiency of
healing. With the emerging trend of designing intelligent insulat-
ing materials,  the  self-healing of  insulation polymers  is  attracting
more attention.  Recent  advances  in  recovering  dielectric  proper-
ties and insulating strength have shown great potential for enhan-
cing  the  reliability  and  durability  of  power  insulations  and  shed
light on possible industrial applications in the near future.

In this  section,  we begin with a comparison between mechan-
ical  damage  and  electrical  damage.  The  special  characteristics  of
electrical damage are highlighted, which should be taken into ac-
count when designing self-healing dielectrics (SHDs), particularly
when  trying  to  utilize  conventional  self-healing  strategies.  Next,
we  will  take  a  closer  look  at  some recent  advances  on  SHDs.  By
analyzing  their  origins  and  predecessors  that  heal  mechanical
damage rather than electrical ones, we will focus on the improve-
ments that  make them suitable for insulating materials.  We con-
clude the discussion by summarizing possible paths and the next
challenges of designing SHDs.

3.1    Considerations on developing SHDs
Apart from mechanical damage including cracking and fractures,
insulating materials  may also suffer  from electrical  damage while
working  under  a  high  electric  field.  A  typical  form  of  electrical
damage  is  electrical  treeing,  which  seriously  affects  the  reliability
and  lifetime  of  insulating  apparatus[9].  Unlike  direct  breakdown
that  occurs  almost  simultaneously  with  overvoltage,  the  treeing
process in solid dielectrics often proceeds under normal operating
voltage and lasts for a much longer time.

Electrical  trees  are  often  initiated  at  sites  with  high  electrical
stress, especially where moisture, voids, or other contaminants are
present[48].  When  the  local  electric  field  at  these  sites  exceeds  the
electrical strength of the polymer matrix[200], some electrons are ac-
celerated and collide with polymer chains, resulting in bond scis-
sion and free radicals.  As the degradation process  continues,  mi-
crocavities appear where partial discharges can take place, leading
to a rapid growth of tree channels[9].  Ultimately, the electrical tree
will become a fractal system with dendritic hollow channels. Dur-
ing the process of treeing, dielectric properties and insulating per-
formance  of  polymers  are  adversely  impacted,  while  the  risk  of
catastrophic electrical breakdown also increases abruptly[48].

When  developing  self-healing  insulating  materials,  a  desirable
healing system should be applicable to both mechanical and elec-
trical damage. The scale of electrical trees often lies in micromet-
ers, whereas self-healing of mechanical damage is always tested in
the  range  of  millimeters  or  more.  Thus,  when  adapting  current
self-healing  methods  for  insulating  materials,  it  should  be  one  of
the most important aspects to consider whether the techniques are
capable of electrical damage.

Moreover,  simply  refilling  the  hollow  tree  channels  is  not  the
end of discussion. While mechanical strength plays an important
role in  insulating  materials,  insulation  parameters  should  pre-
dominate. The ability for insulating materials to self-heal can only
be proved  by  recovering  insulation  properties,  including  break-
down strength,  electrical  resistivity,  etc.  Additionally,  the  incor-
porated healing agents should not impair the insulating perform-

ance of polymer matrix in a significant way.
In  addition  to  the  above-mentioned  factors,  Yang  et  al.  have

also proposed other challenges in designing self-healing dielectric
polymers[201].  Elimination  of  chemical  degradation  products  and
competence  in  healing  after  a  long  waiting  time  (time  period
between damage  and  applying  the  conditions  required  for  heal-
ing)  are  ideal  features  for  self-healing  insulating  polymers.
However, only a few studies have considered and tested on these
issues, suggesting that further research is still needed in this emer-
ging field.

Besides  the  considerations  on  designing  proper  self-healing
methods with high healing efficiency and adaptiveness, SHDs are
also  desired  to  be  manufactured  and  recycled  easily  in  order  to
fulfill whole  lifecycle  control.  However,  these  issues  have  not  re-
ceived  much  attention  so  far,  since  there  is  still  some  way  to  go
before SHDs can be utilized in practical applications.

To  conclude  the  introduction  to  electrical  damage,  it  is  also
worth clarifying the self-healing properties we are discussing here.
Decreases  in  sizes  of  electrical  trees  after  removing  the  applied
voltages were observed in various polymers, including crosslinked
polyethylene,  silicone gels  and silicone rubbers[47,202,203],  which were
also referred to as “self-healing” in some literature. However, these
phenomena were attributed to the elasticity and mobility of poly-
mer chains, rather than establishing firm chemical interactions. In
the absence of complete removal of tree channels, re-formation of
chemical  bonds,  and  full  recovery  of  insulation  properties,  these
phenomena  cannot  be  used  in  developing  self-healing  insulating
materials, and are therefore excluded from our discussion.

3.2    Melting interdiffusion  by  magnetic  heating  of  nano-
particles
When subjected to an oscillating magnetic field (OMF), magnetic
nanoparticles will undergo an energy dissipation process and gen-
erate heat owing to Brownian and Néel relaxations[204,205]. By intro-
ducing  magnetic  nanoparticles  into  polymer  matrix,  self-healing
of mechanical damage in various thermoplastic polymers has been
illustrated[206–209],  a  schematic  of  which  is  shown  in Figure  16(a).
With an  elevated  temperature  under  OMF  treatment,  the  poly-
mer would melt and flow to close the cracks, enabling chain diffu-
sion and randomization which leads to restoration of mechanical
properties[206,210].  A fraction of at least 3.5 wt. %[208] or 1 vol. %[209] of
magnetic nanoparticles is reported to obtain satisfactory self-heal-
ing  performance,  which  can  be  detrimental  to  the  insulation
properties of polymers.

A recent breakthrough was made by Yang et  al.  in integrating
melting  interdiffusion  self-healing  ability  into  thermoplastic
dielectrics  while  still  maintaining  their  insulation  properties[54,211].
One  of  the  key  aspects  of  this  method  was  endowing  magnetic
nanoparticles  with  the  potential  to  migrate  towards  microcracks,
which is  analogous  to  the  hemostasis  mechanism of  vascular  in-
jury in our bodies. Upon a blood vessel injury, signal transduction
process is activated with platelets aggregating at the site of injury.
With  the  aid  of  fibrin,  the  platelets  are  packed together,  forming
blood clot  to  prevent  further  bleeding  (Figure  16(b)).  Fast-acting
hemostasis  prevents  the  situation  of  injury  from  worsening  and
allows for a mild and stable environment for cell regeneration and
self-healing. Different  from  the  bioinspiration  where  signal  mo-
lecules are transmitted to initiate aggregation, entropic depletion is
the key factor in the defect-targeted self-healing strategy.

In polymer  nanocomposite  systems,  the  conformational  en-
tropy of polymer chains in the vicinity of nanoparticles is reduced
due to spatial confinements[212]. Thus, it will be entropy-favourable
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to “squeeze  out” the particles,  resulting  in  aggregation  of  nano-
particles  towards  microcracks[213,214]. Two  factors  need  to  be  em-
phasized for this entropic depletion phenomenon. The first one is
the  miscibility  between  nanoparticles  and  polymer  matrix.  Both
enthalpic  and  entropic  interactions  between  polymer  chains  and
nanoparticles  are  accountable  for  the  particles’ behaviour.  When
the  miscibility  is  poor,  enthalpic  interactions  will  dominate  and
suppress the forming of a uniform nanocomposite[213].  Only good
compatibility will  make it  possible for entropy interactions to ex-
ert influence. The size of nanoparticles also plays a significant role,
since the  entropy  penalty  must  be  strong  enough  for  the  migra-
tion  of  particles  to  proceed.  The  segregation  of  nanoparticles  to
cracks could only be observed for particles of at least a size com-
parable to the gyration radius of polymer chains[214].

The  defect-targeted  self-healing  method  for  thermoplastic
polymers  developed  by  Yang  et  al.,  as  shown  in Figure  17(a),  is
competent  for  both  electrical  and  mechanical  damage[54]. Super-
paramagnetic  nano-particles,  with the ability  to migrate  to defect
sites, were incorporated in commercial polypropylene (PP). After
electrical  treeing,  the  specimen  was  treated  with  OMF  for  self-
healing.  The  nanoparticles  were  observed  to  concentrate  around
the tree  channels,  generating heat  and resulting in  melting inter-
diffusion  (Figure  17(b)). After  healing  of  damage,  the  nano-
particles could redisperse in the matrix, enabling the next healing
phase. Electrical  properties  including  leakage  current,  partial  dis-

charge magnitude (Figure 17(c)) and tree inception voltage effect-
ively  recovered  to  the  same  level  before  electrical  aging.  Further
investigations confirmed the validity of this defect-targeted meth-
od  in  healing  mechanical  damage  and  in  different  thermoplastic
polymers, such as polymethyl  methacrylate (PMMA) and perflu-
orosulfonic acid (PFSA)[211].

By  integrating  the  advantages  of  magnetic  interdiffusion  and
nanoparticle  migration,  the  content  of  nanoparticles  is  as  low  as
0.09 vol. % could satisfy the self-healing need without influencing
the polymer’s electrical insulation and dielectric properties[54]. This
merit came from the  trend of  particle  migration since  the  nano-
particles and heating power could concentrate at the damaged site.
The  nanoparticles  served  only  as  heaters,  so  they  would  not  be
consumed  or  exhausted,  endowing  the  nanocomposites  with  a
highly  repeatable  healing  ability  with  a  long  waiting  time.  It  was
still possible to achieve a healing efficiency of over 90% even after
100 cracking-healing cycles (Figure 17(d)) or 100 days of waiting
time[211].

It is worth mentioning that surface functionalization was quite
essential in this emerging approach[54]. The type of surface modifi-
ers was  chosen  to  enhance  the  compatibility  between  nano-
particles and polymers, which is a prerequisite for entropic deple-
tion. The thickness of functioning layers was optimized to match
the gyration radius  of  polymer  matrix  while  maintaining  a  relat-
ively high mobility. The surface functioning layers also provided a
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steric repulsion to prevent permanent aggregation.
The main restrictions for this defect-targeted self-healing meth-

od lie in the polymer matrix and the healing stimuli.  Melting in-
terdiffusion  requires  a  thermoplastic  matrix  so  that  the  molten
polymer can flow into microcracks. The healing temperature must
exceed the polymer’s glass transition temperature to ensure nano-
particles’ mobility.  OMF  with  high  intensity  and  frequency  may
also  pose  a  barrier  against  practical  application  of  this  method.
Nevertheless,  this  emerging  method  is  still  promising  in  power
transmission  systems  or  power  electronics  where  OMF  exists  or
can be easily applied[54]. By finely tuning the composition and size
distribution of nanoparticles[205,216], an increased heating power can
also lead to broader applications for this self-healing mechanism.

3.3    Microcapsule-based SHDs

(a) General considerations

Starting  from  designing  autonomic  healing  polymer  composites
by using dicyclopenta-diene (DCPD) and Grubbs’ catalyst[188], ex-
trinsic  self-healing  methods  based  on  microcapsules  have  been
widely  and  intensively  studied.  The  encapsulated  healing  agents
are released and begin to polymerize when capsules are ruptured
by  damage.  Nearly  all  kinds  of  polymerization  chemistries  have
shown  great  potential  in  healing  mechanical  damage[217,218].

However, when it comes to self-healing of electrical damage, cur-
rent research is still limited. Some concerns about developing mi-
crocapsule-based self-healing insulating polymers are as follows.

Microencapsulation self-healing  methods  can  be  further  di-
vided  into  different  categories  according  to  the  form  of  healing
agents (monomers) and catalysts or initiators[217]. Although capsule-
catalyst systems  and multi-capsule  systems  perform well  in  heal-
ing mechanical  damage, they are not so favourable when dealing
with electrical  trees in much smaller sizes,  since the possibility of
electrical  trees  contacting  catalysts  or  all  types  of  microcapsules
will be much lower than in the case of mechanical damage[201]. Ad-
ditionally,  this  issue  cannot  be  resolved  by  raising  the  content  of
microcapsules or catalysts.  When the concentration of microcap-
sules exceeds  a  certain  limit  (usually  about  5  wt.  %),  a  sharp  de-
terioration  would  be  observed  in  both  mechanical  and  electrical
properties, including tensile strength, dielectric loss, and electrical
breakdown strength[219–221]. On the other hand, the addition of cata-
lysts  and  other  small  molecules  may  distort  local  electrical  field
and serve  as  defects  and  contaminants,  resulting  in  easier  initi-
ation of electrical trees and worse insulating properties[222–224].

Despite that  the  content  of  microcapsules  needs  to  be  con-
trolled strictly to preserve satisfactory performance of the polymer
matrix, the micro-encapsulation approach has its  unique advant-
age of attracting the route of electrical trees, making the rupture of
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capsules more likely. The incorporated microcapsules may lead to
charge accumulation and electric field distortion, thus influencing
the  electrical  tree  routes  in  their  vicinity.  Lesaint  et  al.  tested  the
healing system of DCPD and Grubbs’ catalyst in epoxy resin with
electrical treeing[225], finding the trend of tree channels to be attrac-
ted by microcapsules. Wang et al. investigated the same system in
polyethylene[219] and  verified  the  attraction  effect  again.  However,
no apparent  evidence  of  complete  recovery  of  hollow  tree  chan-
nels  or  electrical  properties  were  reported  in  both  studies,  which
might be attributed to the disadvantage of capsule-catalyst system
mentioned  above.  Computer  simulations  have  also  revealed  that
capsules  with  a  higher  dielectric  constant  and  higher  electrical
conductivity than  the  matrix  would  have  a  remote  attraction  ef-
fect on tree trajectories, whereas capsules with a lower breakdown
strength  could  attract  electrical  trees  in  a  shorter  range[55].
However, it needs to be noted that the attraction of tree trajectory
towards  microcapsules  should  not  be  overused,  otherwise  the
polymer matrix would possibly  suffer  from performance degrad-
ation[55].  The  balance  between  self-healing  validity  and  insulation
properties of polymer composites should be considered carefully.

Since  capsule-catalyst  systems  and  multi-capsule  systems  have
their  inherent  shortcomings,  the  main  microcapsule-based  self-
healing methods that are currently used for electrical  damage in-
clude polymerization  initiated  by  environmental  stimuli  and  lat-
ent functionality strategies. Instead of catalysts, some polymeriza-
tion  chemistries  require  external  stimuli  to  proceed  with  or
without  corresponding  initiators.  These  reactions  can  be  utilized
for self-healing to eliminate the detrimental effect of incorporated
catalysts. The latter approach uses residual reactive functionality in
the  polymer  matrix  as  polymerizer[217].  As  we  will  see  later,  those
residual functional groups can actually serve as hardeners for the
polymer  matrix,  guaranteeing  satisfying  insulation  properties  of
the self-healing material.

(b) Polymerization triggered by environmental stimuli

Various  external  stimuli,  such as  moisture,  oxygen,  and sunlight,
have  been  utilized  to  trigger  polymerization  of  monomers  to
design self-healing or other intelligent polymers. The reactivity of
diisocyanates with water has been used to form anticorrosion self-
healing coatings.  By  introducing  microcapsules  containing  iso-
phorone diisocyanate  into  epoxy  resin,  polymerization  was  ob-
served in  the  presence of  water  and without  any catalysts,  show-
ing the potential  of  autonomous self-healing in aqueous or high-
humidity  environment[226]. The  oxidative  polymerization  of  lin-
seed oil  has  also  shown  promise  in  developing  self-healing  coat-
ings, since linseed oil released from ruptured microcapsules could
polymerize when exposed to atmospheric oxygen, preventing fur-
ther corrosion by external  moisture and oxygen[227]. Different sys-
tems of monomers and photoinitiators that can initiate the poly-
merization  process  under  sunlight  or  ultra-violet  (UV)  radiation
have also been tested for designing self-healing polymer compos-
ites  or  protective  coatings[228–230].  Note  that  in  order  to  maintain
long-term effectiveness  of  photoinitiators  and  self-healing  mech-
anism, additional  measures  to  absorb  radiations  before  the  rup-
ture of microcapsules should be taken. For example, by incorpor-
ating TiO2 nanoparticles, the microcapsule shells possess an excel-
lent photo-absorption function with wide band and high absorb-
ance[229].

When  considering  a  proper  stimulus  for  electrical  damage
healing,  researchers  paid  much  attention  to  the  phenomena  and
byproducts of electrical aging. Light emission and free radical pro-
duction are common effects that associated with electrical treeing.

Free  radicals  are  generated  due  to  hot  electrons’ collision  into
polymer  molecules,  whereas  light  emission  has  several  different
origins. Various kinds of light can be produced when excited mo-
lecules return  to  ground  states  and  when  recombination  of  op-
posite charge carriers happens[9]. Partial discharges can also gener-
ate light emissions that peak in the UV range[231].

Gao et  al.  proposed  a  self-healing  approach  for  electrical  de-
fects based on UV light originated from electrical  treeing (Figure
18(a))[55]. Epoxy monomer (bisphenol A epoxy acrylate) and react-
ive monomer (trimethylolhexane triacylate), along with photoini-
tiator  (1-hydroxycyclohexyl  phenyl  ketone)  and  SiO2 nano-
particles, were encapsulated via one-step Pickering emulsion poly-
merization. Different fractions of  microcapsules were then incor-
porated in epoxy resin to form self-healing insulating composites.
The  SiO2 nanoparticles  were  introduced  to  adjust  the  dielectric
and  insulating  properties  of  microcapsules,  thus  lessening  the
negative effect on the properties of epoxy matrix. With a volume
fraction of less than 5%, the microcapsules induced an acceptable
decline in breakdown strength and electrical resistivity of the self-
healing  composite.  Additionally,  TiO2 nanoparticles were  incor-
porated in the capsule  shells  to shield UV light,  avoiding healing
agents from polymerizing before the rupture of microcapsules.

In  the  electrical  treeing  experiments,  the  tree  trajectories  were
observed  to  be  attracted  by  the  nearby  microcapsules,  which
matched  the  results  by  computer  simulations  mentioned  above.
This characteristic ensured a satisfactory healing efficiency despite
a  rather  low  doping  fraction.  After  electrical  trees  punctured  the
microcapsules,  the  healing  agents  would  flow  into  hollow  tree
channels, and  radical  polymerization  would  be  initiated  by  pho-
toinitiator  and  UV  light  from  the  electrical  aging  process.  The
whole process of self-healing needed no external intervention, and
could achieve more than 95% volume ratio of healed tree terms of
electrical resistance  and  breakdown  voltage  were  channels  ulti-
mately  (Figure  18(b))[55].  The  insulating  properties  in  recovered
upon self-healing, which is the first example of high-efficiency res-
toration  of  electrical  performance  by  using  microcapsule-based
self-healing  approaches.  Note  that  the  microcapsule-based  self-
healing  of  dielectric  polymers  reported  by  Lesaint  et  al.[225] and
Wang et al.[219] did not involve any evidence of recovering electric-
al properties from treeing degradation.

Traditionally,  microcapsule-based  self-healing  methods  can
only  heal  once  for  damage  in  each  location,  since  the  healing
agents can only be exposed and reacted once[218]. This issue is par-
tially  resolved  from a  novel  aspect  in  the  UV-triggered  self-heal-
ing  method.  By  adjusting  the  healing  agents,  the  local  insulation
properties in  the  healed  sites  were  even  better  than  the  undam-
aged regions. As a result, new electrical trees would tend to devel-
op in new paths rather than growing along the original trajector-
ies (Figure 18(c))[55]. Hence, the risk of using up healing agents and
loss of self-healing ability at one site could be efficiently lowered.

A  more  recent  attempt  of  developing  self-healing  insulating
materials  was  made  by  Sima  et  al.  (Figure  18(d))[232],  using  the
same  stimulus  of  UV  light  originated  from  electrical  aging,  but
with  completely  different  healing  reactions.  Monomers  (3,4-
epoxycyclohexyl-methyl  3,4-epoxycyclohexanecarboxylate)  and
photo-initiators  (triarylsulfonium  hexafluorophosphate  salt)  were
encapsulated and  would  undergo  a  cationic  polymerization  pro-
cess in the presence of UV light. In addition to TiO2 nanoparticles,
Fe3O4 nanoparticles with SiO2 coatings were also incorporated in-
to  the  capsule  shells,  endowing  the  microcapsules  with  targeted
mobility under a magnetic field. During the hardening process of
the  epoxy  matrix,  the  microcapsules  could  be  attracted  towards
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more vulnerable regions by applying a directional magnetic field.
Thus,  a  controllable  distribution  of  microcapsules  could  be
achieved with higher concentration and better  self-healing ability

in regions  with  higher  electrical  stress  or  stricter  working  condi-
tions.

The UV-triggered polymerization approaches for  healing elec-
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trical  damage  utilize  the  UV  light  emitted  by  electrical  aging,
which  makes  the  healing  process  autonomous  and  intervention-
free. However, when dealing with mechanical failure, natural UV
light or manual UV radiation treatment will be necessary[232], mak-
ing  these  methods  less  convenient.  Furthermore,  when  electrical
aging  becomes  more  severe,  carbide  residue  generated  by  severe
partial discharges will hinder the full recovery of insulating prop-
erties[55],  showing  the  importance  of  eliminating  degradation
products in healing electrical damage.

The  two  self-healing  methods  introduced  above  both  use  UV
light as stimulus for polymerization, which opens up the prospect
of  further  investigation.  For  instance,  radicals  are  also  generated
during electrical treeing, showing a possible path for utilizing free
radical polymerization to develop new self-healing insulating ma-
terials. Generally, two types of microcapsules are required in self-
healing materials  based  on  free  radical  polymerization,  one  con-
taining monomers and the other containing radical initiators[233,234].
As for  electrical  damage  healing,  radical  initiators  may  be  negli-
gible,  potentially reducing complexity and enhancing adaptability
of this self-healing method.

(c) Polymerization by latent functionality

In the latent  functionality  route,  the polymerizer  comes from re-
sidual  reactive  functionality  in the polymer matrix[217], such as  re-
sidual or additionally introduced hardeners for epoxy resin. Based
on the latent hardener approach, imidazoles and Lewis acids have
been  utilized  in  self-healing  epoxy  resins  that  mainly  focus  on
mechanical  damage.  The  cationic  ring-opening  polymerization
between  epoxy  and  Lewis  acid  BF3 was  exploited  to  design  self-
healing  fiber-epoxy  polymer  composites[235]. Microcapsules  con-
taining epoxy and latent hardener CuBr2(2-MeIm)4 (the complex
of  CuBr2 and  2-methylimidazole)  were  incorporated  into  epoxy
and  fiber-epoxy  composites  to  develop  new  self-healing
materials[236,237].  Since imidazoles are broadly used in industry with
good  commercial  availability  and  chemical  stability,  imidazole
based  self-healing  schemes  show a  high  potential  for  self-healing
materials[238].

In the self-healing systems using CuBr2(2-MeIm)4 by Yin et al.,
the well-dispersed  complex  would  decompose  and  release  im-
idazole molecules at high temperatures, enabling the curing reac-
tion  between  imidazole  and  epoxy  monomers  coming  out  from
microcapsules[236].  By  using  imidazole  complex,  the  reactivity  of
imidazole  could  be  kept  well.  However,  the  remnant  of  CuBr2
might do harm to the insulating properties after the healing pro-
cess, which is not desirable in applications of insulating materials.
Hart et al. developed another self-healing system by incorporating
2-ethyl-4-methylimidazole (EMI) directly into the epoxy matrix as
a latent hardener[238]. To protect the reactivity of EMI for later self-
healing,  amine  curing  agent  was  also  added  to  the  epoxy
monomers. The initial curing process was conducted under 30 °C,
at  which  temperature  the  monomers  would  tend  to  polymerize
with  amine  agents  rather  than  EMI.  During  this  curing  process
under low temperature, EMI would only go through the first step
of polymerizing,  producing  EMI-epoxy  adduct.  After  the  occur-
rence  of  mechanical  damage,  the  composite  was  heated to  about
100 °C, substantially increasing the reactivity of EMI and allowing
the remaining steps of EMI-epoxy crosslinking to proceed.

Based on the same reaction principles of EMI and epoxy resin,
Xie  et  al.  designed  a  self-healing  method  for  electrical  damage
(Figure  19(a))[239].  Epoxy  monomer  (diglycidyl  ether  of  bisphenol
A, DGEBA), primary curing agent (phenol-aldehyde amine, PAA)
and latent  hardener  (EMI)  were  mixed  with  microcapsules  con-

taining healing agent (another epoxy monomer, diglycidyl ether of
bisphenol F,  DGEBF) and underwent the first  hardening process
at a relatively low temperature. Amine curing agent played a ma-
jor role  at  this  phase while  EMI could still  maintain its  reactivity
until  self-healing  stage  at  an  elevated  temperature.  A  content  of
less than 3 wt. % of EMI would be sufficient for healing while re-
taining  excellent  mechanical  and  insulating  properties  of  the
epoxy matrix (Figures 19(b) and 19(c)).

Similar  to  the  UV-induced self-healing approach,  in  the  latent
functionality  strategy,  it  was  also  observed  that  microcapsules
could attract the tree trajectories and new trees would tend to de-
velop in new regions rather than the healed ones[239]. Additionally,
long-term  effectiveness  was  tested  by  accelerated  thermal  aging
experiments.  Although  severe  oxidation  could  be  deduced  from
visual  colour changes and FTIR results,  the EMI-modified epoxy
could  still  trigger  self-healing  reactions[239],  showing  decent  long-
term validity.

Since the  working  temperature  of  epoxy-based  insulating  ma-
terials  is  generally  higher  than  ambient  temperature,  the  EMI-
epoxy  curing  process  can  be  autonomous  under  appropriate
working conditions.  In  a  broader  sense,  by  utilizing different  de-
rivatives of imadazoles, maximum reactivity could be obtained at
different temperatures.  Thus,  it  will  be  possible  and  of  great  po-
tential to design various self-healing systems that maximize the re-
activity of latent functionality at the estimated working temperat-
ure for insulations.

(d) Summary

Among all self-healing mechanisms for electrical damage, the ad-
vantages  of  microencapsulation  approaches  lie  in  the  automatic
healing process  that  can  proceed  under  normal  working  condi-
tions and without manual intervention. Although it is an intrinsic
shortcoming that  the  healing  capacity  for  one  specific  location is
very  limited,  better  insulating  performance  at  the  healed  region
can possibly reduce the risk of treeing at the same site.

Except for microcapsule-based self-healing, the extrinsic meth-
od  of  vascular  networks  has  also  been  studied  extensively  in
mechanical damage  healing.  Compared  to  microcapsules,  vascu-
lar networks seem to be a lot more similar to real blood vessels in
organisms, with multiple healing cycles at one spot and the ability
to refill healing agents externally[217]. However, a vascular self-heal-
ing network is more expensive to design and maintain, and causes
additional  challenges  in  the  manufacture  of  insulating  materials,
thus requiring more research before practical applications.

3.4    Reversible crosslinking network
Besides  the  extrinsic  methods,  there  are  also  a  large  set  of  self-
healing methods  that  use  reversible  covalent  bonds  or  supra-
molecular interactions,  which can be  broken and rebuilt  in  mul-
tiple  healing  cycles[240,241].  How  to  make  the  chemical  interactions
competent  to  bond  fractured  surfaces  together  will  be  the  first
challenge when exploiting intrinsic methods for healing electrical
damage.

Generally speaking, there are five stages in a crack healing pro-
cess:  surface  rearrangement,  surface  approach,  wetting,  diffusion,
and randomization[210,242]. The stage of surface approach is what we
want  to  emphasize  here.  Surface  approach  is  trivial  in  most  self-
healing work for mechanical damage, in which the fractured sur-
faces are  often  manually  held  together,  and  pressure  is  also  ap-
plied  to  ensure  intimate  contact  in  some  cases.  However,  in  the
context of electrical trees, it won’t be an easy problem for the sep-
arated surfaces to approach and contact each other. In the above-
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mentioned electrical  tree  healing  methods,  the  gap  between  sur-
faces is filled with either molten polymer or liquid healing agents.
But  in  intrinsic  systems  where  interactions  can  only  happen
between  neighbouring  molecules,  chain  mobility  has  to  take  the
responsibility to achieve surface approach.

One  main  challenge  faced  by  intrinsic  self-healing  lies  in  the
conflict between mechanical  stiffness  and chain dynamics.  Excel-
lent chain  flexibility  and  mobility  are  required  for  the  effective-
ness of self-healing, but they will often result in a lack of mechan-
ical  stability[218,243].  Therefore,  it  will  be  favourable  to  design  self-
healing  materials  with  two  states:  a  working  state  with  sufficient
mechanical  properties;  and  a  healing  state  with  increased  chain
mobility.  The  inspiration  of  this  idea  can  be  traced  back  to  the
healing mechanism of hard structures in living organisms such as
bones (Figure 20(a)). Bones are hard, dense connective tissues that
support  structure of  the body.  The rigidity  of  bone also makes it
difficult to directly repair the tissue. Instead, a soft-to-hard trans-
ition strategy is applied[244]. After a bone fracture, a spongy bone is
first formed at the damaged site, where the dead bone is resorbed
and new cells are generated. Via endochondral ossification, cartil-
age is gradually replaced by trabecular bone, which can be loosely
regarded  as  a  hardening  process.  Eventually,  compact  bone  will
replace the spongy bone and complete the healing.

Based on the two-state tactic, a series of self-healing systems by
Diels–Alder  (DA)  reactions  have  been  realized,  where  retro-DA
reactions  depolymerize  the  crosslinked  polymer  under  elevated
temperature whereas DA reactions rebuild the covalent bonds to
repair  the  cracks  at  a  lower  temperature[241,245–248].  However,  these
self-healing  polymers  share  the  same  drawback  of  being  totally
uncrosslinked  at  the  healing  state,  which  may  lead  to  shape
changes  and  performance  degradation,  especially  in  applications
like insulating materials.

To  avoid  a  completely  uncrosslinked  healing  state,  Xie  et  al.
proposed  a  partially  reversible  crosslinking  epoxy  network  (Fig-
ure  20(b))[56]. The  first  step  was  synthesizing  the  dynamic  cross-
linker by DA reaction of 3-furoic acid and maleic anhydride. Self-
healing  epoxy  network  was  fabricated  by  using  the  dynamic
crosslinker to  cure  commercial  epoxy  monomers.  Each  cross-
linker molecule could link up three epoxy monomers, leading to a
fully  crosslinked  network.  After  internal  damage  occurred,  by
heating up to 130 °C, the crosslinker would undergo retro-DA re-
action and decompose into furoic acid and maleic anhydride, with
only one  and two crosslinking points  with  epoxy chains  respect-
ively, forming a partially crosslinked polymer. By reducing the de-
gree of crosslinking, higher chain mobility and more free volume
would  provide  good  conditions  for  self-healing.  Moreover,  the
overall structure and properties of epoxy matrix could be well pre-
served as  the  matrix  was  still  crosslinked  rather  than  thermo-
plastic. Fully  crosslinked  epoxy  could  be  obtained  after  the  heal-
ing  stage  by  lowering  the  temperature  and  letting  DA  reaction
take  place  again.  This  conversion  between  fully  and  partially
crosslinking  state  could  be  simply  controlled  by  temperature,
showing a  convenient  self-healing  method  with  excellent  revers-
ibility.

The  partially  reversible  crosslinking  network  increased  chain
mobility during the healing process by partially depolymerization,
making it  possible  for  epoxy  chains  to  diffuse  into  hollow  chan-
nels  and  cracks.  This  method  also  showed  unique  advantages  in
healing electrical damage by eliminating the byproducts of treeing,
including gaseous products of chemical degradation and free rad-
icals from chain scission. During the healing stage, augmented free
volume  inside  the  polymer  would  promote  the  diffusion  of

gaseous byproducts and hinder their accumulation, while the con-
jugated  double  bonds  from  the  dynamic  crosslinker  could  react
with  free  radicals  to  eliminate  them.  Self-healing  tests  showed
highly  recoverable  mechanical  strength  and  insulating  properties
after  more  than  10  healing  cycles  and  a  decent  performance  in
healing electrical trees (Figure 20(c))[56].

The self-healing  epoxy  network  with  partially  reversible  cross-
linking  sites  shows  great  potential  in  practical  applications,  since
modifications may  be  needed  only  for  curing  agents  while  com-
mercial epoxy monomers can still  be used as received. Neverthe-
less, as chain mobility being the key factor of healing process, the
healing efficiency may be less than satisfactory when dealing with
large  scale  defects.  Although  applying  more  cycles  of  heating
treatment can improve healing performance[56], it may also detract
from the convenience of this self-healing approach.

3.5    Summary for SHDs
In light of the increasing requirements for insulation reliability in
power systems, several  approaches have been proposed to design
self-healing insulating  materials.  Stringent  insulation  require-
ments and special damage forms like electrical trees are the main
distinctions that  extinguish this  field  from traditional  self-healing
materials.  Despite  that  the  self-healing  methods  discussed  above
are all competent in repairing electrical trees, they are still limited
by inconvenient conditions for healing, complicated manufactur-
ing process or inconsistent healing efficiency for different damage
scales. In  addition,  the  carbide  residues  generated  by  severe  dis-
charges  are  not  properly  dealt  with  in  these  approaches,  which
may be a hidden trouble for self-healing insulation. Furthermore,
while  all  these  self-healing  methods  are  currently  tested  under
laboratory  conditions,  their  self-healing  performance  and  long-
term effectiveness are still to be evaluated in practical applications.
To summarize,  these  limitations  illustrate  that  there  is  still  much
to  be  done  for  insulating  materials  with  intelligent  self-healing
functions to become a reality.

4    Outlook
Traditional dielectrics encounter a variety of challenges in internal
electric field grading,  insulation deterioration detection, and elec-
trical  damage  repairing.  In  nature,  animals  and  plants  have
evolved various  capabilities  of  adapting  to  the  environment,  de-
tecting injuries,  and healing wounds by natural  selection for  sur-
viving in  harsh  surroundings.  Similarly,  developing  smart  dielec-
tric materials for the next-generation electrical insulation, such as
self-adaptive,  self-reporting,  and  self-healing  dielectrics,  with  bio-
inspired and autonomous functions is an innovative approach to
surmounting the above barriers. At present, bionic smart materi-
als have been applied in a variety of electrical equipment, such as
bushing,  cable  terminals,  and  insulators.  Nonetheless,  there  are
also  plenty  of  obstacles  to  designing,  fabricating,  and  utilizing
smart materials either in the laboratory or in the commercial sec-
tor. A lot of effort should be put to turn the concepts into reality.

Three  evolutionary  stages  of  smart  dielectrics  are  envisaged in
the  following.  In  the  early  stage,  the  performance  of  the  smart
dielectrics  is  supposed  to  be  improved  in  highly  controlled  and
optimized  laboratory  conditions.  Self-adaptive  dielectrics  with  a
larger  nonlinear  coefficient,  a  switching  field  that  can  be  flexibly
tuned  in  a  wider  range,  and  more  stable  characteristics  against
various surroundings  such  as  filler  concentration  and  temperat-
ure,  are  required  to  be  developed.  Finding  novel  field  grading
principles  and  manufacturing  functional  fillers  with  improved
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performance  are  both  reasonable  alternatives  for  achieving  this
goal. Self-reporting  dielectrics  with  the  capabilities  of  expedi-
tiously reporting,  significantly responding,  and precisely diagnos-
ing  are  expected  to  be  fabricated.  A  wide  range  of  materials,
mechanisms, and methods of stimuli-responsive polymers, optic-
al  chemosensors,  and  bio-inspired  materials  can  be  utilized  to
design self-reporting dielectrics. Self-healing dielectrics employing
more facile, reliable, and repeatable methods need to be manufac-
tured. The  materials  are  preferred  to  autonomously  repair  dam-

age as soon as possible without extra treatment, while the proper-
ties of the healed region should return to the original level with a
highly repeatable healing process.

To fulfill the commercialization of smart dielectrics and its util-
ization in power apparatus, some obstacles need to be overcome.
The  stability  and  endurance  of  functional  additives  are  crucial.
The functional additives,  such as ZnO microvaristors,  spiropyran
chromophores, micro-encapsulated  healing  agents,  etc.,  are  sub-
stances  that  are  physically  or  chemically  incorporated  into  the
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polymeric  matrices  to  impart  materials  autonomous  functions.
The  additives  are  commonly  sensitive  to  harsh  environments,
such as  overheating,  UV irradiation,  mechanical  stress,  acid rain,
ozone, free  radicals,  etc.  Hence,  their  resistance  to  aging  and  fa-
tigue  in  complicated  conditions  is  vital  to  maintaining  the
autonomous functions  of  the  smart  dielectrics.  In  addition,  in-
compatible or excessive additives may lead to a performance loss
of  the  matrix,  which  hampers  the  implementation  of  the  smart
materials in super- or ultra-high voltage engineering. To solve this
problem, on one  hand,  advanced additives  with  higher  perform-
ance  and  better  compatibility  are  required  to  be  developed.  The
additives should be dispersed into the polymeric matrix more eas-
ily and uniformly, contain less reactive agents that may cause ma-
terial deterioration, as well as have superior performances such as
higher  resistivity,  toughness,  elasticity,  and  thermal  conductivity.
On the other hand,  the smart dielectrics  should be more reason-
ably designed  and  fabricated  to  reduce  the  content  of  the  addit-
ives  and eliminate  defects  that  are  introduced into the polymeric
matrix during processing. Furthermore, for practical utilization in
the commercial sector, the price of smart dielectrics must be com-
petitive. Therefore, raw material costs should be lowered and syn-
thesis procedures should be simplified. Considering the impact on
organisms and the environment, toxicants and pollutants are sup-
posed to be avoided.

The ultimate  goal  for  smart  dielectrics  is  universality  and  ver-
satility.  The  autonomous  functions  apply  to  a  wide  range  of
voltage levels, scenarios, and damage scales. The functional addit-
ives are compatible with diverse polymeric matrices, whether it is
glassy or rubbery, thermoplastic, or thermoset. Self-adaptive, self-
reporting,  and  self-healing  capabilities  are  organically  integrated
into identical dielectrics to perform autonomous lifecycle control.
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