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Smart reconfigurable metadevices made of
shape memory alloy metamaterials
Shiqiang Zhao1,2, Yuancheng Fan 1*, Ruisheng Yang1, Zhehao Ye1,
Fuli Zhang1*, Chen Wang2, Weijia Luo2, Yongzheng Wen2* and Ji Zhou2*

Reconfigurable metamaterials significantly expand the application scenarios and operating frequency range of metama-
terials, making them promising candidates for use in smart tunable device. Here, we propose and experimentally demon-
strate that integrating metamaterial design principles with the intrinsic features of natural materials can engineer thermal
smart metadevices. Tunable extraordinary optical transmission like (EOT-like) phenomena have been achieved in the mi-
crowave  regime  using  shape  memory  alloy  (SMA).  The  strongly  localized  fields  generated  by  designed  metadevices,
combined  with  the  intense  interference  of  incident  waves,  enhance  transmission  through  subwavelength  apertures.
Leveraging  the  temperature-responsive  properties  of  SMA,  the  morphology  of  the  metadevice  can  be  recontructed,
thereby modifying its response to electromagnetic waves. The experiments demonstrated control over the operating fre-
quency  and  transmission  amplitude  of  EOT-like  behavior,  achieving  a  maximum  transmission  enhancement  factor  of
126.  Furthermore,  the  metadevices  with  modular  design  enable  the  realization  of  multiple  functions  with  independent
control have been demonstrated. The proposed SMA-based metamaterials offer advantages in terms of miniaturization,
easy processing, and high design flexibility.  They may have potential  applications in microwave devices requiring tem-
perature control, such as sensing and monitoring.
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Introduction
Over the past decade, there has been rapid development
in  metamaterials  across  various  fields  such  as  physics,
materials  science,  and  electrocommunication,  driven  by
the resonant characteristics  of  artificial  elements1−6.  Due
to limitations in manufacturing and performance unifor-
mity,  three-dimensional  metamaterials  are  constrained
in  practical  applications7,8.  In  contrast,  two-dimensional
(2D) metamaterials, also known as metasurfaces9,10, with

mature  fabrication  processes  and  ultra-thinness,  hold
broader application prospects, such as in antennas11, sen-
sors12,13, lenses14−16, imaging17,18, and others. To overcome
the limitation of static operating mode, tunable metama-
terials  have  been  proposed,  encompassing  electrical,
magnetic,  and  mechanical  mechanisms19−23.  Recently,
thermal  tunable  metamaterials  have  provided  an  effec-
tive  platform  for  thermal  management  engineering24−26.
These  methods  enable  thermal  dynamic  responses  from 
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radio  frequency  to  visible  light  and  have  made
progress27−30.  However,  the complexity  of  structures  and
materials  limits  the  design  flexibility  of  devices,  hinder-
ing  their  practical  application prospects.  Shape  memory
alloy  (SMA)  is  a  type  of  temperature  phase  transition
material31,32.  These  materials  undergo  phase  changes  in
response to different  thermal  stimuli  and can transform
into one another, resulting in a macroscopic shape mem-
ory  effect  (SME)33,34.  The  temperature-reconfigurable
properties of SMA may provide a promising platform for
developing  thermal-tunable  devices,  overcoming  previ-
ous challenges.

The  extraordinary  optical  transmission  (EOT)
through subwavelength apertures has become a research
hotspot due to the underlying physical mechanisms and
the  promising  applications  in  high-resolution
imaging35,36.  According  to  Bethe’s  theoretical  analysis37,
the  transmission with λ through a  single  subwavelength
aperture  of  radius r will  decrease  rapidly  in  the  form
(r/λ)4.  A seminal work revealed that EOT occurs at  spe-
cific  frequency  when  the  light  impacts  on  a  plate  filled
with  an  array  of  subwavelength  holes38.  Although  EOT
could be achieved in early work, the larger device dimen-
sions  limited  the  integration  of  photonic  devices39−41.
Moreover,  the  EOT  derived  from  surface  plasmon  po-
lariton (SPP) is  typically  realized in the visible  light  due
to the  optical  properties  of  metals.  However,  a  theoreti-
cal  report  predicted  the  existence  of  localized  surface
plasmon mode induced by artificial  structure,  known as
spoof  surface  plasmon  polariton  (SSPP)42,  which  ex-
hibits  similar  dispersion  behavior  to  SPP.  The  SSPP  is
not  restricted  by  the  metals’ inherent  plasma  frequency
and can be achieved in the microwave band since it orig-
inates  from  artificially  engineering  structures.  Subse-
quent  work  demonstrated  that  strong  localized  reso-
nance  mode  of  metamaterials  can  interacting  with  the
subwavelength  apertures  in  metals  for  exhibiting  ex-
traordinary  optical  transmission  like  (EOT-like)  behav-
ior43−45.  However,  in  existing  reports,  the  operating  fre-
quency  of  the  device  is  typically  fixed,  limiting  its  fur-
ther development in practical applications.

In this work, we propose the construction of metade-
vices based on Ti-Ni shape memory alloy to achieve tun-
able EOT-like response. For a subwavelength aperture of
λ/6  (λ is  vacuum  wavelength),  the  designed  metadevice
can achieve a 126-fold transmission enhancement, with a
maximum  transmission  rate  exceeding  90%.  Designed
two  types  of  device  structures  are  split  resonant  ring

(SRR)  and  long-stick  structure,  corresponding  to  nar-
rowband  and  broadband  responses,  respectively.  Tem-
perature excitation can drive the metadevice to undergo
structural  reconfiguration,  thereby  enabling  intelligent
control of the operating frequency and transmission am-
plitude  of  EOT-like  behavior.  The  combination  of  dual
structures reveals that independent control of two oper-
ating  frequency  points  can  be  achieved  by  designing
metamaterial  structures.  Experimental  results  demon-
strated that the fusion of metamaterials and natural ma-
terials  can  achieve  performance  tailored  to  specific  re-
quirements.  The  designed  metadevice,  due  to  its  simple
fabrication process, compact structural dimensions, high
design  freedom,  and  tunable  performance,  provides  an
intelligent device for communication, sensing, and so on. 

Results and discussion
The  schematic  is  shown  in Fig. 1.  The  material  used  in
this  work  is  Ti-Ni  SMA  with  thermoelastic  martensitic
phase transition (The details can be seen in the Section 1
of  Supplementary  information).  When  stress  is  applied
to SMA at temperatures equivalent to room temperature,
the strain in SMA persists even after unloading the stress.
As the temperature rises, the stored strain in SMA is re-
leased, leading to a macroscopic change in shape. Specifi-
cally,  due to  the  reversible  nature  of  the  crystallography
in SMA, when the temperature exceeds the phase transi-
tion  point,  the  martensitic  phase  undergoes  a  reverse
transformation  along  the  original  shear  path,  returning
to  the  lattice  orientation  of  the  parent  phase.  This  im-
parts SME characteristics to SMA. Leveraging the inher-
ent material properties that temperature-induced macro-
scopic  shape  changes,  we  can  construct  shape-reconfig-
urable  thermal  smart  devices. Figure 1(a) illustrates  two
typical types of shape memory effects. For SMA exhibit-
ing  one-way  shape  memory  effect  (O-SMA),  deforma-
tion  disappears  upon  cooling  but  does  not  reconstruct
upon returning to the high-temperature phase. For SMA
with  two-way  shape  memory  effect  (T-SMA),  deforma-
tion  and  recovery  are  reversible,  meaning  that  macro-
scopic  deformation  can  reconstruct  upon  returning  to
the high-temperature phase. These properties are closely
related  to  the  material  characteristics  and  post-process-
ing of SMA themselves.

Figure 1(b) illustrates  the  two  types  of  metadevices
designed  to  achieve  customizable  performance  for  tun-
able EOT-like behavior. The metadevices fabricated from
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SMA integrate two properties:  electromagnetic  response
and temperature response. Based on the narrowband re-
sponse characteristic of magnetic dipole resonant modes,
we  designed  metadevices  utilizing  split  resonant  ring
(SRR)46. Upon excitation by an electric field, circular os-
cillating  currents  can  be  induced  on  the  metal  rings,
thereby  eliciting  magnetic  dipole  resonant  modes.  Since
the  induced  magnetic  field  is  perpendicular  to  the  inci-
dent  magnetic  field,  it  cannot  couple  with  the  magnetic
field  of  the  incident  wave  to  form  the  dark  state47.  As  a
demonstration of customizable performance, a long stick
model  based  on  electric  dipole  resonant  modes  was  de-
signed.  Such  modes  directly  interact  with  the  incident
electric  field,  are  commonly referred to as  bright  modes
and  exhibit  broadband  responses.  Under  the  excitation
of  a  temperature  field,  both  models  undergo  deforma-
tion,  leading  to  the  restruction  of  the  metadevices  rela-
tive to the orientation of the incident wave. This restruc-
tion directly affects the coupling frequency and intensity,
enabling  dual  control  over  the  transmission  peak  fre-
quency and amplitude.

To  demonstrate  the  exceptional  design  freedom  of
metamaterial-based  devices, Fig. 1(c) presents  a  dual-
band  metamaterial  model.  By  integrating  the  narrow-
band  and  broadband  models  into  one  metamaterial  de-

vice,  it  becomes  possible  to  simultaneously  achieve  two
functionalities.  Through  independent  temperature  con-
trol of the dual-band model, it becomes feasible to exert
independent control over both operating modes, includ-
ing their working frequency points and transmission am-
plitudes. Metamaterials introduce on-demand design ca-
pabilities  to  device  engineering,  inspiring  us  to  achieve
more  complex  functionalities  through  modular  engi-
neering.  To meet  a  wider  range  of  application needs,  in
addition  to  demonstrating  metamaterial  functionality
within  waveguides,  we  also  showcase  numerical  simula-
tion  results  of  periodic  arrays  in  free  space.  It  is  worth
mentioning  that,  beyond  the  cases  presented  in  this
work, the proposed strategy can be easily extended to ac-
commodate a wider range of functionalities, providing a
platform for designing novel thermally tunable devices.

Figure 2(a) illustrates  the  schematic  diagram  of  the
tunable  metadevice.  The  interaction  between  the  fields
generated by metamaterials and incident waves exhibits a
passband property at the resonant frequency, resulting in
the  maximum  enhancement  of  transmittance.  Equiva-
lent  circuit  analysis  aids  in  understanding  the  resonant
behavior.  The  metallic  components  constituting  the
metadevice can be considered as resistors and inductors,
while the air gaps can be viewed as capacitors. Based on
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Fig. 1 | Schematic function tunability with temperature and designs of the smart metadevices. (a) O-SME: one-way shape memory effect; T-SME:

two-way shape memory effect. (b) and (c) To demonstrate the concept, three devices are designed.
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the  spatial  relationships  of  these  equivalent  circuit
elements, an equivalent circuit diagram corresponding to
the metamaterial device can be constructed. At the reso-
nance,  the  circuit  achieves  maximum  passband  proper-
ties. The geometry parameters can be seen in the Section
2 of Supplementary information.

The incident electromagnetic wave, polarized in the y-
direction, interacts with the designed metadevice, induc-
ing enhanced localized fields within the SRR at  its  reso-
nant  frequency,  thereby  facilitating  the  transmission  of
electromagnetic waves through subwavelength apertures.
Under the influence of an external temperature field, the
angle θ between  the  plane  containing  the  SRR  and  the
plane  of  the  metal  plate  changes.  This  alteration  results
in  a  macroscopic  change  in  the  morphology  of  the
metadevice,  thereby  affecting  its  electromagnetic  re-
sponse  characteristics  and  achieving  tunable  EOT-like
behavior.  The proposed metamaterial  route  was  used to
achieve EOT-like response at C-band as an experimental
verification.  We  prepared  the  samples  using  laser  cut-
ting technology. Compared to the fabrication process of
phase-change  materials  or  bimaterial  cantilevers,  this
manufacturing process  is  a  one-step procedure,  offering
the  advantages  of  convenience,  low  cost,  and  rapid
preparation. Figure 2(b) displays the samples of the nar-
rowband and broadband models operating in the waveg-
uide environment, which match the design well.

We utilized the finite difference time domain (FDTD)

method to  simulate  the  electromagnetic  response  of  the
designed  metadevices.  The  simulation  frequency  range
was  set  from  4  to  6  GHz.  The  simulation  environment
was configured as a waveguide environment, with corre-
sponding boundary conditions: electric boundaries along
the x and y directions,  and open boundaries along the z
direction.  In  the  simulation,  the  SMA  was  defined  as  a
lossy  metallic  material  with  a  conductivity  of  1×106

S/m48,  and  a  thickness  of  0.5  mm.  The  angle θ between
the metamaterial resonant structure and the metal plane
was set as a variable in the simulation. Transmission da-
ta of the metadevices at different angles θ were obtained
through the simulation. The more details can be seen in
the Section 3 of Supplementary information.

The numerical results are shown in Fig. 2(c) and 2(e),
corresponding to  the  narrowband and broadband mod-
els  in Fig. 2(b),  respectively.  The  solid  cyan  line  in Fig.
2(c) is  the  transmission  spectrum  of  metadevice  only
with a subwavelength aperture of 11.90×10.58 mm2 with-
out the SRR inside. For a single subwavelength aperture,
the transmission of  the entire  frequency band is  awfully
weak, below 2%. However, when SRRs are introduced in-
to such a subwavelength aperture, a significant enhance-
ment  of  the  transmission  wave  can  be  observed  at  the
resonance  frequency  in  the  simulation,  reaching  about
70%, as shown by the black solid line in Fig. 2(c). For θ =
0°, the transmission peak frequency appears at 4.63 GHz
and 4.60 GHz, and the transmission is 69.1% and 97.1%
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Fig. 2 | Experimental verification of tunable EOT-like behavior. (a) Illustration of thermal tunable metadevices with EOT-like response in C-band.

(b) Schematics and samples of two metadevices. (c) and (e) are simulated, (d) and (f) are measured transmission results for SRR and long stick

structure, respectively. Insets of (c) and (d) plot enhancement factor for models in (b).
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for  the  narrowband  and  broadband  models  in  the
simulations, respectively. The simulation results demon-
strate that the designed metamaterial structure can effec-
tively enhance the transmission of electromagnetic waves
through  subwavelength  apertures.  The  simulated  trans-
mission bandwidths  are  80  MHz and 1060 MHz,  corre-
sponding to the narrowband and broadband models, re-
spectively.  As  expected,  the  metadevices  designed  based
on different coupling characteristics exhibit distinct elec-
tromagnetic response characteristics.

In  the  experimental  measurements,  we  employed  the
vector network analyzer AV3629D as the signal generat-
ing device. The sample was placed in the waveguide WR-
187 that is connected to the vector network via a coaxial
line. The experimental setup can be seen in Section 4 of
Supplementary  information.  The  excitation  mode  was
TE10 main mode and the measured results are shown in
Fig. 2(d) and 2(f). For θ = 0°, the experimental transmis-
sion peak frequency appears at 4.69 GHz and 4.64 GHz,
and the transmission is 67.0% and 93.0% for the narrow-
band and broadband models  in  the  simulations,  respec-
tively. The measured results are in good agreement with
simulated  ones.  Due  to  their  higher  quality  factor,  nar-
rowband models  exhibit  greater  enhancement in the lo-
calized field, resulting in higher ohmic losses. Therefore,
compared  to  broadband  models,  narrowband  models
show lower  measured transmission in  experiments.  The
detail  absorption value can be seen in Section 4  of  Sup-
plementary  information.  The  measured  transmission
bandwidths are 120 MHz and 1010 MHz, corresponding
to  the  narrowband and broadband models,  respectively.
The  insets  in Fig. 2(c) and 2(d) show  the  transmission
enhancement  factor,  which  was  defined  as  the  ratio  of
the  transmission  of  TE10 wave  through  a  metadevice  to
that  through  the  aperture  only.  For  a  subwavelength
(about λ/6: λ is vacuum wavelength) aperture, the experi-
ment  achieved  a  maximum  transmission  enhancement
of  up  to  126-fold.  The  experimental  results  are  consis-
tent with the expectations, demonstrating the crucial role
of metamaterials in achieving EOT-like response.

A temperature field of 55 °C is introduced to alter the
macroscopic  morphology  of  the  metadevice,  thereby
demonstrating tunable EOT-like. The illustration in Fig.
2(c) and 2(e) depict the simulations of the changes in op-
erating frequency and amplitude of EOT-like peak at dif-
ferent  angles.  It  is  evident  that  as  the  angle θ decreases,
the  resonant  frequency  of  the  metadevice  undergoes  a
redshift  towards  lower  frequencies.  This  is  attributed  to

the morphological changes in the metadevice, leading to
alterations in the equivalent circuit. Additionally, we ob-
serve that,  at  a fixed operating frequency, the amplitude
of  EOT-like  transmission  peak  can  be  effectively  con-
trolled  as  the  angle θ varies,  as  indicated  by  the  dashed
arrows in Fig. 2(c) and 2(e). For the experiments, during
the  heating  process  in  a  temperature-controlled  box  of
55 °C, the angle θ gradually decreases from its maximum
value to zero. We measured experimental data for sever-
al  representative  angles,  as  shown  in Fig. 2(d) and 2(f).
As the temperature-driven SMA undergoes deformation,
its  response  to  electromagnetic  waves  also  changes,  in-
cluding  resonance  frequency  and  transmission  ampli-
tude.  The  experimental  results  are  in  good  agreement
with  the  simulations,  demonstrating  the  feasibility  of
SMA  in  realizing  thermally  tunable  smart  devices.  An
anomalous transmission curve has been observed in both
simulations and experiments in broadband models. This
arises from the trapped mode49 induced by morphologi-
cal  changes,  resulting  in  an  anomalous  transmission
Strough. More details can be seen in Section 5 of Supple-
mentary information.

To  further  elucidate  the  performance  of  the  metade-
vices, we analyze the tunability of the operating frequen-
cy and transmission amplitude. Figure 3(a) illustrates the
performance  of  the  narrowband  model  based  on  SRR.
We  can  obtain  a  measured  modulation  in  transmission
from 3.6% to  67.0% at  4.69  GHz,  with  the  transmission
peak  frequency  shifting  from  5.12  GHz  to  4.69  GHz  as
the  angle θ changes  driven  by  temperature.  Similar  re-
sults of the broadband model are shown in the Fig. 3(b).
When  the  temperature-driven  angle θ of  the  long  stick
changes,  modulation  of  the  transmittance  ranging  from
48.6% to 93.0% can be achieved, with modulation of the
transmission  peak  frequency  from  5.33  GHz  to  4.64
GHz.  In  the  process  of  achieving  tunable  EOT-like  be-
havior,  both  the  narrowband  model  and  the  broadband
model  retain  their  corresponding  bandwidths,  approxi-
mately 120 MHz and 1010 MHz, respectively. In theory,
we  can  achieve  continuous  tunability  by  continuously
changing the angle θ through temperature control. Such
tunability  holds  potential  for  applications  in  tempera-
ture  sensing  and  tunable  communication  filtering
scenarios50,51.

Numerical  simulations  of  field  distributions  on
metadevices are beneficial for understanding the mecha-
nisms  behind  resonance.  We  calculated  the  distribution
of the surface currents as shown in the Fig. 3(c) and 3(d),
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and  electric  fields  as  shown  in  the Fig. 3(e) and 3(f) at
resonant frequencies. As anticipated, the circulatory sur-
face  currents  on  the  SRR confirmed its  magnetic  dipole
resonance  mode,  while  the  dipole  currents  on  the  long
stick  confirmed  its  electric  dipole  resonance  mode.  The
distribution of the electric field also aligns with expecta-
tions, with strong localized fields supporting the analysis
of  equivalent  circuit  models.  There  are  significant  elec-
tric field maxima at the locations of the equivalent capac-
itors.  The  scattering  field  of  the  metadevice,  coupled
with  incident  interference,  leads  to  the  EOT-like
phenomenon.

Finally,  we  integrate  the  narrowband  and  broadband
models  into  one  metadevice  to  demonstrate  the  advan-
tages of functional scalability. Through careful design of
the  dimensions  of  the  metamaterial  structure,  we  have
achieved a dual-band model, and the details can be seen
in the Section 6 of Supplementary information. The nu-
merical  simulation  results  in Fig. 4(b) and 4(d) demon-
strate  that  independently  adjusting  the  angles θ of  the
SRR and long stick structures enables  independent con-
trol of the operating frequencies and transmission ampli-
tudes. In the experiments, we independently adjusted the
structure using a heated air gun. Figure 4(a) and 4(c) il-
lustrate  the  independent  modulation  of  EOT-like  re-
sponse  at  different  operating  frequency  points.  The  ex-
periments demonstrate that it is possible to modulate the
correlated  properties  of  EOT-like  response  for  the  one

mode while maintaining the operating frequency and in-
tensity of the other mode unchanged. In addition to the
metadevices  demonstrated  in  the  waveguide  environ-
ment, Fig. 4(e) illustrates  the  formation  of  metasurfaces
composed  of  these  metadevices.  Tunable  metasurfaces
offer  broader  application  scenarios  in  free-space  envi-
ronments. Figure 4(f) presents  simulated  transmission
spectra results, elucidating the EOT-like phenomenon of
the  dual-band  model.  Modular  and  flexible  combina-
tions provide thermal tunable devices with increased de-
sign flexibility, enabling adaptation to complex scenarios
and  meeting  the  demands  of  multifunctional
integration52. Notably, thanks to the highly customizable
nature  of  metamaterials,  the  proposed  strategy  is  not
limited  to  operating  in  the  microwave  band.  By  scaling
the  geometric  dimensions  of  the  metamaterials,  it  is
promising to extend the frequency range to the terahertz
band.  Developing  tunable  metamaterial  devices  in  tera-
hertz  range  holds  significant  scientific  and  engineering
value53,54.

Figure 5 demonstrates  the  independent  control  capa-
bility  of  the  dual-band model  on transmission.  The two
operating frequencies are denoted as f1 (4.24 GHz) and f2
(5.29  GHz),  corresponding  to  the  SRR  and  long  stick
structures,  respectively.  When  the  temperature  drives
changes in the SRR structure while keeping the long stick
structure  unchanged,  it  can  be  observed  that  the  trans-
mission  at f1 decreases  from  67.2%  to  10.6%,  while  the
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transmission  at f2 remains  above  90%  (Fig. 5(a)).
Conversely, when the temperature drives changes in the
long  stick  structure  while  keeping  the  SRR  unchanged,
control  over  the  transmission  at f2,  varying  from  90.4%
to  7.6%,  can  be  achieved,  while  maintaining  the  trans-
mission  at f1 above  60%  (Fig. 5(b)).  We  simulated  the
impact  of  the  distance  between  two  elements  on  trans-
mission and found that a smaller distance leads to lower
losses,  resulting  in  a  slight  increase  in  transmission,  the
details can be seen in the Section 6 of Supplementary in-
formation. The results indicate that metamaterials based
on  SMA  provide  a  new  strategy  for  realizing  EOT  de-
vices with simultaneous modulation at multiple frequen-
cy points. 

Conclusions
In summary, we have proposed and experimentally veri-
fied  the  concept  of  utilizing  SMA  to  construct  thermal
intelligent  reconfigurable  metadevices.  Narrowband and
broadband  models  were  developed  based  on  SRR  and
long  stick  structures,  with  measured  response  band-
widths of 120 MHz and 1010 MHz, respectively. The in-
terference  between  the  scattered  waves  of  the  metade-
vices  and  incident  waves  enables  EOT-like  response
through  subwavelength  apertures,  with  a  maximum  ex-
perimental enhancement factor of 126. The temperature-
tunable capability of SMA enables modulation of the op-
erating  frequency  and  transmission  amplitude  for
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EOT-like  peak.  Under  excitation  at  55  °C,  deformation
angles θ exceeding  80°  were  achieved,  resulting  in  fre-
quency  shifts  of  over  700  MHz  and  60%  modulation  of
transmission  amplitude.  Furthermore,  leveraging  the
highly  designable  properties  of  metamaterials,  the  nar-
rowband and broadband models are integrated into one
metadevice,  forming  the  dual-band  model.  This  com-
bined  model  enables  independent  control  over  multiple
frequency  points.  The  proposed  pathway  of  SMA-based
metamaterials offers advantages such as convenient pro-
cessing,  high design flexibility,  and miniaturization,  and
can  be  easily  extended  to  other  thermally  related  fields
and  frequency  bands,  including  MEMS,  thermo-me-
chanics and thermo-optical coupling. 

Experimental section
Our samples can be processed by laser cutting technolo-
gy of one-time forming using a 0.5 mm thick Ti-Ni com-
mercial SMA sheet. To avoid damaging the SME of SMA
due  to  processing  temperatures,  we  conducted  a  heat
treatment  process  after  completing  the  sample  fabrica-
tion.  The SMA samples were placed in a  muffle  furnace
with  an  air  atmosphere  at  500  °C  for  an  hour.  Subse-
quently, the furnace was turned off, and after four hours,
the samples were cooled to 200 °C before being removed
and  allowed  to  air-cool  to  room  temperature.  We  also
employ line cutting technology for processing, which of-
fers  the  advantage  of  avoiding  localized  high  tempera-
tures at the cutting location. However, compared to laser
cutting  technology,  it  requires  more  time.  In  our  mea-
surement,  the  sample  is  placed  in  WR-187  rectangular
waveguide  with  dimensions  of  22.15×47.55  mm2,  and is
measured by a vector network analyzer (AV3629D). The
heating  process  is  carried  out  by  a  temperature  control
box, and the deformation angle θ is measured with a pro-
tractor after heating is ceased.
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