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Reconfigurable origami chiral response for
holographic imaging and information
encryption
Zhibiao Zhu, Yongfeng Li*, Jiafu Wang*, Ze Qin, Lixin Jiang, Yang Chen
and Shaobo Qu

With  the  rapid  development  of  holographic  technology,  metasurface-based  holographic  communication  schemes  have
demonstrated immense potential for electromagnetic (EM) multifunctionality. However, traditional passive metasurfaces
are severely limited by their lack of reconfigurability, hindering the realization of versatile holographic applications. Origa-
mi, an art form that mechanically induces spatial deformations, serves as a platform for multifunctional devices and has
garnered significant attention in optics, physics, and materials science. The Miura-ori folding paradigm, characterized by
its continuous reconfigurability in folded states, remains unexplored in the context of holographic imaging. Herein, we in-
tegrate the principles of  Rosenfeld with L- and D-metal  chiral  enantiomers on a Miura-ori  surface to tailor  the aperture
distribution. Leveraging the continuously tunable nature of the Miura-ori's folded states, the chiral response of the metal-
lic structures varies across different folding configurations, enabling distinct EM holographic imaging functionalities. In the
planar state, holographic encryption is achieved. Under specific folding conditions and driven by spin circularly polarized
(CP) waves at a particular frequency, multiplexed holographic images can be reconstructed on designated focal planes
with CP selectivity. Notably, the fabricated origami metasurface exhibits a large negative Poisson ratio, facilitating porta-
bility and deployment and offering novel avenues for spin-selective systems, camouflage, and information encryption.

Keywords: origami; reconfigurable; chiral response; holographic imaging; information encryption
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Introduction
Metamaterials,  composed  of  artificially  designed  sub-
wavelength units, offer extensive design freedoms across
multiple  dimensions,  including  frequency,  amplitude,
phase,  and  polarization.  This  versatility  has  enabled  the
revelation  of  various  exotic  physical  phenomena  within
the  realm  of  electromagnetic  (EM)  metamaterials,  such
as  anomalous  reflection/refraction1,2,  generation  of  vor-
tex beams3−5, perfect absorbers6, and meta-holograms7−12.
Among  these  applications,  metasurface-driven  informa-

tion  encryption  devices  have  garnered  significant  atten-
tion13−16.  By  encoding  independent  phase  profiles  across
different  frequency  bands  and  polarization  states,  these
devices  achieve  non-reconfigurable  information encryp-
tion within a single structure17. As signal processing and
imaging systems place greater  demands on the dynamic
manipulation of EM waves,  active and tunable metasur-
faces have been proposed and utilized, providing a flexi-
ble  platform  for  realizing  diverse  applications  and  de-
vices18.  Current  approaches  to  dynamic  control  include 
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integrating  field-programmable  gate  arrays  (FPGAs)  in-
to  dynamic  metasurfaces  or  utilizing  graphene  and
phase-change  materials  to  modulate  the  amplitude  of
EM  waves13−22.  However,  these  dynamic  control  meth-
ods possess certain drawbacks, such as high costs,  bulky
structures,  and  significant  power  consumption.  Particu-
larly  for  active  programmable  metasurfaces,  the  com-
plexities of feed networks and insertion losses must also
be taken into account.

The  introduction  of  origami  art  into  metasurface  de-
sign  has  emerged  as  a  promising  alternative  for  design-
ing reconfigurable metasurfaces.  By leveraging the prin-
ciples of origami, metasurfaces can be endowed with the
capability to transform their EM properties through sim-
ple  mechanical  manipulations,  offering  a  cost-effective,
lightweight, and efficient solution to the challenges faced
by traditional dynamic metasurface technologies. Origa-
mi is an art form that transforms two-dimensional (2D)
paper  into  three-dimensional  (3D)  structures.  It  origi-
nated  in  China  during  the  1st  century  AD,  coinciding
with the invention of papermaking. Subsequently, Japan
developed  origami  into  more  intricate  designs,  such  as
the  renowned  paper  crane.  In  recent  years,  origami  art
has begun to make significant strides in fields such as en-
gineering,  materials  science,  and  physics,  encompassing
applications  in  aerospace  structures23,24,
metamaterials25−29,  biomedical  devices30,  reconfigurable
electronics31,  and  architecture32.  Furthermore,  in  EMs,
numerous  scientists  have  harnessed  origami's  unique
structural  and  mechanically  reconfigurable  characteris-
tics  to  achieve  various  functionalities.  Examples  include
chiral responses33,  EM beam deflection34,  broadband ab-
sorption35,  and  reconfigurable  polarization  converters36.
Compared  to  complex,  bulky,  and  costly  active  multi-
functional  metasurfaces,  origami  metasurfaces  require
only  a  single  sheet  of  lightweight  paper,  eliminating  the
need  for  energy-intensive  external  stimuli  such  as
voltage.

Origami/kirigami  metasurfaces  offer  a  novel  ap-
proach  to  manipulating  EM  waves  by  mechanically
transforming  their  structures,  thereby  altering  their  EM
properties and introducing a new degree of freedom for
EM  wave  manipulation37−40.  In  particular,  the  chiral  ef-
fects emerging from transforming subwavelength planar
arrays  into  3D  configurations  serve  as  an  auxiliary  di-
mension for manipulating EM waves or generating holo-
grams41−44.  Through  structural  deformation,  origami
metasurfaces  rearrange  the  spatial  positions  of  loaded

metallic structures,  leading to significant chiral  respons-
es33,45.  Furthermore,  the  mechanical  tunability  of  origa-
mi metasurfaces enables the reconfigurability of the gen-
erated chiral responses. However, the currently designed
reconfigurable  chiral  origami  metasurfaces  exhibit  rela-
tively  monotonic  functionalities.  The  aforementioned
origami  metasurfaces  primarily  achieve  chiral  responses
at specific operating frequencies, with limited further ex-
ploration into regulating EM functionalities. The Miura-
ori origami metasurface, with its bianisotropic structure,
is  an ideal  platform for realizing chiral  responses.  Com-
pared  to  other  types  of  origami,  Miura-ori  folding  ex-
hibits continuous adjustability and exceptional mechani-
cal  properties,  which  facilitate  the  stability  of  structural
performance during both folding and unfolding process-
es25,28.  Nevertheless,  the  work  in  ref.33 failed  to  achieve
wavefront  manipulation or  further  holographic  imaging
at the chiral response frequency, limiting its applications.

Addressing  the  challenges  mentioned  above,  we  pro-
pose  adopting the  Miura-ori  origami  form to  transform
2D  metallic  structures  into  3D  configurations  through
mechanical  manipulation.  The  high  degree  of  asymme-
try  inherent  in  the  3D  metallic  structures  gives  rise  to
chiral responses, manifested as the differential transmis-
sion of orthogonal circularly polarized (CP) waves.  Fur-
thermore, we leverage the structural symmetry to design
enantiomeric  forms of  the  folded chiral  structures.  As  a
proof-of-concept  demonstration,  we  printed  arranged
metallic structures on a polyimide film and reconstruct-
ed  spin-decoupled  holographic  images  under  different
folded states through origami deformation. Both numer-
ical  simulations  and  experimental  verifications  are  con-
ducted in the microwave frequency range. Under appro-
priate  folded  states,  our  proposed  origami  metasurface
reconstructs  pre-designed  letters  "N"  [upon  left-handed
circularly  polarized  (LCP)  incidence]  and  "I"  [upon
right-handed  circularly  polarized  (RCP)  incidence]  on
the corresponding focal planes. When the origami meta-
surface  is  in  its  planar  state,  the  absence  of  chiral  re-
sponses  within the metallic  structures  results  in  the dis-
appearance  of  the  corresponding  holographic  images,
rendering the  retrieval  of  valuable  information impossi-
ble.  Given  the  flexible  deformation  and  reconfiguration
capabilities  of  the  Miura-ori  origami  metasurface,  the
proposed design holds potential applications in EM cam-
ouflage and information encryption within communica-
tion and imaging systems. 
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Principle and unit cell design
The concept of the Miura-ori metasurface for holograph-
ic image generation and information encryption is illus-
trated  in Fig. 1.  When  the  origami  metasurface  is  in  its
folded state, the structure encodes image information for
two independent  channels.  Under the induction of  LCP
and  RCP,  two  distinct  holographic  images  can  be  ob-
served on the focused planes corresponding to the same
frequency.  Conversely,  when the  origami metasurface  is
in  its  planar  state,  the  symmetry  of  the  metallic  enan-
tiomeric  structures  is  only  slightly  perturbed,  failing  to
generate a significant chiral response. Consequently, the
encoding sequences of both channels are disrupted, ren-
dering it impossible for observers to retrieve useful infor-
mation.  Therefore,  this  origami  form,  serving  as  a  dis-
guised device for information encryption, holds promis-
ing  applications  in  fields  such  as  information  security
and target jamming.

To realize  holographic  imaging with independent  en-
coding for LCP and RCP, copper patterns are printed on
an ultra-thin polyimide substrate (with a relative permit-
tivity of 3.4, a loss tangent of 0.005, and a thickness of 50
µm) using printed circuit board (PCB) printing technol-
ogy. L- and D-enantiomers are designed to exhibit oppo-
site  chiral  responses.  These  enantiomers  enable  the  dis-
tinction between LCP and RCP. Figure 2(a) and 2(b) il-
lustrate  the  planar  state  of  the  origami  structure,  where
the  L-shaped  metallic  structure  consists  of  two  metallic

strips. Additionally, to demonstrate how the origami de-
forms,  creases  representing  mountain  and  valley  folds
are  marked  on  the  surface  of  the  planar  substrate.  No-
tably, the unit cell of the Miura-ori is redefined, and the
simulation settings refer to our previous work33. Individ-
ually, each enantiomer lacks mirror symmetry within its
structure.  However,  the  L- and  D-enantiomers  are  mir-
ror  images  of  each  other  about  the xOz plane,  resulting
in  complementary  properties. Figure 2(c) presents  the
simulated  transmission  spectra  and  circular  dichroism
(CD)  values  as  a  function  of  frequency  for  the  enan-
tiomers in their planar state. The metallic structure in the
planar  state  cannot  distinguish  between  the  two  spin
states  of  the  incident  waves,  leading  to  identical  trans-
mission simulation curves under LCP and RCP illumina-
tions.  Consequently,  the  CD  value  remains  nearly  zero
across  the  operational  frequency  band in  this  state.  The
enantiomers  are  configured  into  3D  structures  utilizing
the Miura-ori origami geometry to break the spin degen-
eracy. When the in-plane symmetry of the metallic struc-
ture  is  disrupted,  and  asymmetry  along  the z-axis  is  in-
troduced, chiral resonances occur. This deformation en-
hances  the  transmission  for  one  spin  state  while  block-
ing  the  opposite.  As  shown  in Fig. 2(d) and 2(e),  when
the origami is  folded, the metallic structures attached to
the  surface  naturally  transform  into  3D  configurations.
The folding angle, denoted as θ, relates to the periodicity
of the origami structure in the x and y directions, which

 

Fig. 1 | Schematic illustration of a dynamic multifunctional metasurface based on Miura-ori. The reconfigurable origami metasurface enables the

display or concealment of image information for dynamic display and encryption. In the planar state, the chiral response of the unit cells remains

inactive, resulting in scrambled encoding sequences across both channels, which prevents the normal display of images. Upon folding the origa-

mi metasurface, the incident CP light (including both RCP and LCP) decodes two far-field holographic images (Channel 1 and Channel 2).
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can be mathematically expressed as follows:
 

where, .  In  this  context,  the  in-

plane  and  rotational  symmetry  of  the  metallic  structure
are  completely  broken,  leading  to  a  strong  chiral  re-
sponse.  To  quantitatively  analyze  the  chirality  of  the
metasurface, the CD value is defined as CD=|TLCP|−|TRCP|,

where TLCP and TRCP represent the transmission intensi-
ties  of  LCP  and  RCP,  respectively. TRCP is  given  by
|tRR|2+|tLR|2,  and TLCP is  given  by  |tRL|2+|tLL|2.  Where
tRL(LR) is  the  cross-polarized  transmission  coefficient,
tRR(LL) is the co-polarized transmission coefficient. When
the folding angle θ=45°, the simulated transmission spec-
tra of the folded L- and D-enantiomers are shown in Fig.
2(f).

Distinct differences can be observed in the transmission

 

Fig. 2 | Transmission characteristics of the Miura-ori unit cell structure. (a, b) The L- and D-enantiomer unit cell structures are in the planar state.

a=b=10 mm, l1=12 mm, l2=l4=2 mm, l3=7 mm, β=60°. The L- and D-enantiomers have a periodicity of Px in the x-direction and Py in the y-direc-

tion. Note that Px and Py are dynamically changing as the folded state varies. (c) Transmission magnitude and CD values as a function of fre-

quency when the L- and D-enantiomer unit cell structures are in the planar state. (d, e) The L- and D-enantiomer unit cell structures in the folded

state. θ represents the unique degree of freedom describing the folded state of the Miura-ori.  (f) Transmission magnitude and CD values as a

function of frequency when the L- and D-enantiomer unit cell structures are in the folded state (θ=45°).
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spectra  of  LCP  and  RCP.  For  the  L-enantiomer,  the
transmission  of  RCP  is  suppressed  (|tRR|  =  0.13)  at  the
operating  frequency f =  16.7  GHz,  while  LCP  is  nearly
transparent (|tLL| = 0.96). The chiral response character-
istics  of  the  D- and  L-enantiomers  are  complementary.
Figure 2(f) displays  the  corresponding CD curves  of  the
folded  L- and  D-enantiomers.  Notably,  two  prominent
CD  resonances  with  opposite  intensities  appear  in  the
CD spectrum.  The  enantiomeric  origami  unit  cells  pro-
vide  the  desired  pronounced  CD  in  opposite  manners.
The CD magnitudes of the L- and D-enantiomers at f =
16.7 GHz are ±0.92, respectively. Furthermore, the cross-
polarized  transmission  magnitudes  of  LCP  and  RCP
(|tLR| and |tRL|), are similarly suppressed (Fig. 3(a)). This
suggests that the folded unit cells  significantly break the
spin degeneracy of the incident waves, enabling efficient
spin-selective  transmission.  By  carefully  arranging  the
aperture distribution, significant potential is provided for
realizing  amplitude-based  meta-holograms.  To  recon-
struct the desired holographic image, it is also necessary
to  employ  unit  cells  that  achieve  high/low  transmission
efficiencies  for  both  LCP  and  RCP  simultaneously  as
auxiliaries.  Here,  unit  cells  in  the  form  of  metal  patch
overlays  and  those  composed  solely  of  the  substrate  are
suitable for fulfilling this requirement (Fig. 3(b)). In this

design,  metal-coated and substrate-only  meta-atoms are
employed  to  meet  these  requirements.  Notably,  the  dis-
tribution of creases on the surface of the proposed auxil-
iary units aligns with that presented in Fig. 2. The corre-
sponding transmission spectra are illustrated in Fig. 3(c).
Evidently,  the  proposed  unit  cells  successfully  meet  the
requirements within the 15–20 GHz frequency range, en-
compassing the operating frequency of 16.7 GHz. To re-
alize  the predefined holographic encryption functionali-
ty,  metal-coated  meta-atoms,  L-enantiomers,  D-enan-
tiomers,  and substrate-only meta-atoms are individually
applied  to  fit  the  binary  amplitude  operations  for  the
four combined pixels (0, 0), (0, 1), (1, 0), and (1, 1).

To delve into the physical mechanisms underlying the
chiral  response  elicited  by  L- and  D-enantiomers,  the
surface current distributions of planar/folded unit cells at
16.7  GHz are  monitored under  the  illumination of  LCP
and RCP. According to the Rosenfeld criterion,  the chi-
ral response is inherently triggered by the cross-coupling
between the electric and magnetic fields, with the neces-
sary condition being ∑P·M≠0, where P and M represent
the  electric  and  magnetic  dipoles,  respectively.  Upon
transitioning the Miura-ori metasurface into its 3D con-
figuration, it comprises four facets. In this state, the sur-
face currents induce the generation of electric and mag-

 

Fig. 3 | (a) Cross-polarization transmission coefficients for the folded L- and D-enantiomer unit cells. tRL represents the cross-polarization coeffi-

cient when illuminated by LCP. tLR denotes the cross-polarization coefficient for RCP incidence (θ=45°). (b) Unit cells that implement LCP and

RCP 0 and 1 transmission. There is a metal layer covering, to achieve 0 transmission. No metal layer covering, pure media substrate, to achieve

1 transmission. (c) The transmission spectra of the unit cells (θ=45°).
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netic  dipoles  whose  orientations  are  no longer  orthogo-
nal.  Evidently,  under  CP  incidence,  an  efficient  cross-
coupling  between  the  electric  and  magnetic  fields  is
achieved.  Furthermore,  the electric  dipole  (P)  and mag-
netic dipole (M) can be mathematically expressed as:
 

In  the  given  formula, Peff, i represents  the  effective
electric  field  intensity  with  the  unit  vector  along the  di-
rection i (where i=x, y, z),  and Meff, i denotes  the  effec-
tive  magnetic  field  intensity  along  the  same  direction i.
Firstly, the surface current distributions of the unit cell in
its planar state at the resonance frequency are compared,
as  illustrated  in Fig. 4(a−b).  In  this  scenario,  the  planar
meta-atom exhibits insensitivity to different CP waves. It
is  observed  that  at  16.7  GHz,  the  surface  current  distri-
bution  splits  into  two  oscillating  directions,  specifically
oscillating  within  the  short  metal  strips  along  the y-di-
rection  and  the  long  metal  strips  along  the x-direction.
The  chiral  enantiomers,  when  in  their  planar  state,  ex-
hibit  orthogonal  superposed  electric  and  magnetic
dipoles.  In  the  planar  state,  the  formula  derivations  for
incident EM wave of both LCP and RCP are presented as
follows:
 

Consequently, the magnetic and electric dipoles excit-
ed  in  the  planar  chiral  structure  adhere  to  the  rule
∑P·M=0,  leading  to  an  inconspicuous  chiral  response.
Subsequently,  the  surface  current  distributions  of  the
enantiomers  in  their  folded  states  are  investigated.
Figure 4(c, d) depict the surface current distributions for
L-enantiomer driven by LCP and RCP waves, respective-
ly,  at  16.7  GHz.  Under  RCP  excitation,  a  pronounced
resonance  is  clearly  observed.  In  contrast,  the  surface
currents  induced  by  LCP  are  weak,  resulting  in  no  dis-
cernible response. Given that the chiral response charac-
teristics of enantiomers are opposite, the surface current
distribution of the D-enantiomer is precisely the inverse
of  that  of  the  L-enantiomer,  as  shown  in Fig. 4(e, f).  In
the 3D state, the formula derivations for both L- and D-
eanatiomers are presented as follows: 

 

Fig. 4 | The surface current distribution of the proposed origami enantiomer, f=16.7 GHz. The plane state corresponding to (a) L-enantiomer and

(b) D-enantiomer, the surface current distribution is the same under LCP and RCP irradiation. The surface currents corresponding to the folded

L-enantiomers (θ=45°) are distributed under (c) LCP and (d) RCP irradiation. The surface currents of folded D-enantiomers (θ=45°) are distribut-

ed under (e) LCP and (f) RCP irradiation.
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{
P = Peff, x · x̂+ Peff, y · ŷ+ Peff, z · ẑ
M = Meff, x · x̂+Meff, y · ŷ+Meff, z · ẑ

. (2)



L - enantiomer:
∑

P ·M =(−P2 · x̂+ P1 · ŷ)

· (M · ẑ) = 0

D - enantiomer:
∑

P ·M =(P2 · x̂+ P1 · ŷ)

· (M · ẑ) = 0

. (3)



L - enantiomer/RCP:
∑

P ·M = (−P1 · ā3 + P1 · ā1)

· (M · (ā1 × ā2) · ẑ) = −M · P1 · (ā1 × ā2) · ā3 ̸= 0

D - enantiomer/LCP:
∑

P ·M = (P1 · ā3 − P2 · ā2)

· (M · (ā1 × ā2) · ẑ) = M · P1 · (ā1 × ā2) · ā3 ̸= 0
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where  is the i-th edge vector of the parallelogram as il-
lustrated  in Fig. 4.  Since  both  the  electric  and  magnetic
dipoles  are  distributed  in  a  three-dimensional  spatial
configuration,  the  superposed  electric  and  magnetic
dipoles satisfy ∑P · M ≠ 0, triggering a strong chiral reso-
nance. It can be observed from the equation that the de-
rived results for the folded L and D enantiomers exhibit
opposite  signs,  which  further  confirms  their  opposing
chiral  response  characteristics.  In  summary,  the  afore-
mentioned  phenomena  demonstrate  that  the  folded
enantiomer  structure  successfully  fulfills  the  Rosenfeld
criterion  and  breaks  the  degeneracy  between  the  two
spin  states,  leading  to  high  transmission  for  one  spin
state and high reflection for the other.

With the assistance of origami enantiomers and auxil-
iary  meta-atoms,  binary  amplitude  control  can  be
achieved  within  the  origami  aperture  through  rational
adjustment of the folded states. To demonstrate the fun-
damentals of holographic imaging and encryption based
on  the  Miura-ori  folding  method,  a  meta-hologram  is
designed to reconstruct the images of "N" and "I" at a dis-
tance  of  20  mm from the  origami  aperture,  and  experi-
mental  validation  is  conducted  in  the  microwave  fre-
quency band. As shown in Fig. 5(a), the phase responses
of  the  four  kinds  of  the  folding  unit  cells  are  relatively
consistent  across  the  operating  frequency  band,  provid-
ing  a  foundation  for  realizing  amplitude-based  holo-
grams. The flowchart for realizing the meta-hologram is
depicted  in Fig. 5(b).  The  virtual  images  of  "N"  and  "I"

are independently input to meet the requirements. At the
corresponding resonant frequency of 16.7 GHz, the am-
plitude distribution of the reconstructed holographic im-
age is  calculated using the point  source method.  To ob-
tain the amplitude distribution required for reconstruct-
ing  dual-channel  meta-hologram,  the  complex  ampli-
tude profiles (EN and EI) of the aperture distribution are
calculated  using  the  Rayleigh-Sommerfeld  diffraction
theory45. Subsequently, based on the real parts of EN and
EI,  an  amplitude  hologram  in  0/1  binary  code  for  the
transmission region is generated46: 

In the equation, (i, j) represents the coordinates in the
hologram, while AN and AI denote the transmission am-
plitudes.  Here,  two  holograms  are  generated  based  on
the signs of the real parts of the complex amplitude pro-
files EN and EI, respectively. Since the underlying princi-
ple  of  holography  is  based  on  the  interference  between
the  object  beam  and  the  reference  beam,  the  real  parts
can  represent  this  information.  The  amplitude  distribu-
tion of the aperture array is encoded according to AN(i, j)
and AI(i, j). Following the input images of "N" and "I" as
indicated in the flowchart, binary combinations of pixels
(0,0 ), (0, 1), (1, 0), (1, 1) are used to fill the correspond-
ing  positions.  Here,  the  binary  codes  "0"  and  "1"
represent  lower  and  higher  transmission  intensities,

 

Fig. 5 | (a) The phase responses of the four kinds of unit cells (θ=45°). L-/D-enantiomers, with/without metallic sheets in folded states. (b) The

flowchart  for  generating  the  required  meta-hologram.  (c)  The  position  distribution  of  the  four  kinds  of  apertures  which  composed  the  origami

metasurface.
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respectively.  Consequently,  four  combined  pixels  of  (0,
0),  (0,  1),  (1,  0),  (1,  1)  are  obtained,  and  binary  ampli-
tude  manipulation  is  performed  in  the  designated  fre-
quency band (Fig. 5(c)).

As a proof-of-concept, a 40 × 40 pixel prototype is fab-
ricated,  with a  total  size  of  800 × 692.8 mm² in the pla-
nar  state,  as  shown  in Fig. 6(a).  Additionally,  when  the
folding angle θ = 45°,  the dimensions in the x and y di-
rections  are  506  ×  490  mm²,  as  depicted  in Fig. 6(b).
Figure 6(c) presents a localized image of the folded state.
We  employ  CNC  precision  milling  technology  to  etch
Miura-ori  creases  onto  a  preformed  Teflon  substrate
(with  a  dielectric  constant  of  3  and  a  thickness  of  0.3
mm). Upon completion of the crease etching, the origa-
mi structure can be transformed into a folded state along
these creases. Subsequently, an ultra-thin polyimide film
printed with metal patches is adhered to the Miura sub-
strate.  After  undergoing  etching  by  the  CNC  precision
milling machine, the thickness of the dielectric substrate
at the creases is less than that at other locations on a sin-
gle panel.  The design of  the creases allows for consider-
able  flexibility  in  the  folding  process.  By  applying  me-
chanical  stimulation,  the folded state of  the origami can
be altered.

For  verification,  we  conducted  electric  field  distribu-
tion measurements  in  an anechoic  chamber  using near-
field  scanning  techniques  to  characterize  the  pre-de-
signed origami hologram. The origami sample is aligned

horizontally  with  the  transmitting  horn  antenna.  Addi-
tionally,  the  distance  between  the  sample  and  the  horn
antenna is set sufficiently far apart to ensure quasi-plane
wave  illumination  on  the  sample  surface.  The  scanning
probe  is  positioned  on  the  opposite  side  of  the  origami
metasurface  sample,  allowing  for  free  movement  within
the xOy plane (parallel to the origami metasurface). Dur-
ing  the  measurement  process,  the  transmitter  antenna
and the probe are connected to two ports of the network
analyzer  (Fig. 6(d)),  respectively.  The  scanning  area  is
506 × 490 mm2 with a step size of 5 mm.

At  the  resonant  frequency f=16.7  GHz  of  the  chiral
structure,  both simulation and measurement results  un-
der  both  LCP  and  RCP  illumination  indicate  that  the
origami metasurface achieves encryption functionality in
the  planar  state,  preventing  observers  from  obtaining
valuable information, as shown in Fig. 7(a, b) and 7(e, f).
For comparison, Fig. 7(c, d) present  the simulated holo-
graphic images of "N" (LCP channel) and "I" (RCP chan-
nel) respectively, on the corresponding observation plane
at f=16.7 GHz. The simulation results show good agree-
ment with the design outcomes, demonstrating the feasi-
bility of the proposed method. Figure 7(g, h) display the
measurement  results  under  LCP  and  RCP  illumination
on  the  imaging  plane,  respectively.  It  can  be  observed
that the measurement results successfully reconstruct the
pre-designed images, consistent with the numerical sim-
ulation  results.  The  measured  images  appear  blurrier

 

Fig. 6 | The photograph of the (a) planar and (b) folded (θ=45°) origami metasurface sample. (c) In the folded state, the local pattern is represent-

ed. '00' denotes pure substrate, '11' denotes pure metal, '01' denotes L-enantiomer, and '10' denotes D-enantiomer. (d) Schematic description of

the near-field scanning experimental setup.
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than the simulated ones, which is attributed to the man-
ufacturing  tolerances  of  the  origami  metasurface.  Over-
all, the experimental results show that the imaging mode
efficiencies  for  the  "N"  and  "I"  images  are  41.79%  and
55.20% respectively (with energy concentrated in the im-
age region referring to the total energy on the measured
plane),  and  the  peak  signal-to-noise  ratios  (SNRs,  de-
fined  as  the  peak  intensity  in  the  image  divided  by  the
standard deviation of the background noise) are 7.63 and
9.52,  respectively.  Here,  the  energy  concentrated  in  the
image  region,  with  reference  to  the  total  energy  on  the
measured plane, quantitatively describes the contrast be-
tween  the  target  pattern  and  the  background.  The  pro-
posed  framework  based  on  Miura-ori  origami  offers  an
additional  degree  of  freedom  to  manipulate  CD  effects
by  transforming  planar  metallic  structures  into  3D
metallic  structures through manual  mechanical  stimula-
tion.  With  the  advancement  of  3D  printing  technology,
the functional design of metasurfaces based on Miura-ori
origami  will  become  more  robust,  providing  additional
avenues  for  information  storage,  encryption,  and  com-
munication applications. 

Conclusion
In  summary,  we  propose  a  paradigm  for  achieving  re-
configurable  chiral  responses  based  on Miura-ori  origa-
mi.  In  the  folded  state,  the  origami  chiral  structure  ex-
hibits  pronounced  CD,  whereas  in  the  planar  state,  the

chiral  response  vanishes.  By  switching  the  folding  state
of  the  origami,  the  functionalities  of  holographic  imag-
ing  and  encryption  can  be  toggled.  Furthermore,  based
on  the  Rosenfeld  criterion,  the  physical  mechanism  of
chiral  resonance  achieved  by  L-/D-enantiomers  is  ex-
plored  through  the  analysis  of  surface  current  distribu-
tions.  As  a  proof  of  principle,  in  the  folded  state,  holo-
graphic  images  of  "N"  and  "I"  are  reconstructed  under
LCP and  RCP illuminations,  respectively.  Both  numeri-
cal  simulations  and  experimental  verifications  are  con-
ducted for a 40 × 40 pixel prototype. In the planar state,
valuable information cannot be extracted from the holo-
graphic imaging, realizing holographic encryption. Good
agreement  between  simulation  and  experimental  results
demonstrates  the  feasibility  of  the  proposed  scheme.  In
line with the urgent demands of modern camouflage sys-
tems,  this  scheme  can  be  applied  to  vital  equipment  to
achieve  EM  functionalities  such  as  preset  information
encryption and stealth. As mechanical deformation does
not  require  additional  phase-change  materials  or  active
lumped  elements,  origami-based  holographic  imaging
emerges as one of the alternative approaches for EM ma-
nipulation, offering an ingenious method to enhance in-
formation security levels.
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