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Abstract. Transformation opticoffers a procedure to design the structures of
metamaterials to find the material parameters needed in various applications. However, a
methodology of a transformation optics is too plicated. To help users who are
beginning to studyetamaterials andtrsformation optics, a transformation opticat user
friendly interface is developed. The interface is implemented based otficitme foeeh
transformationlt displays the starting space as a Cartesian grid. As the user touches and
moves, the space trlorsns according to the direction and the intensity of the touch
without inputting any equatior®/ combining various transformation templates, a fully
arbitrary transformation can be realized. Transformation templates are created by basic
functionssuch a the ring transformation in the invisibility cloak or the morphing of a half
circle into a rectangle in the superl&éhg interface provides both the input medlasd

well as the redime visualization of the spameking it easy and intuitive to design a
metamaterial using the transformation aoplibe program uses modewcontroller
architectureThe connections of each class are presentedliagem Three examples

from the touch interface are verifiedhsy EDFD simulation.
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1. Introduction

A metamaterial is a material engineered to have a property that is not found in naturally occurring materials.
They are made from assemblies of multiple elements fashioned from composite materials such as metals or
plastics. The materials are usually gedain repeating patterns, at scales that are smaller than the
wavelengths of the phenomena they influence. Metamaterials derive their properties not from the
properties of the base materials, but from their newly designed structures. Their pregisenséape,

size, orientation and arrangement gives them their smart properties capable of manipulating
electromagnetic waves: by blocking, absorbing, enhancing, or bending waves, to achieve benefits that go
beyond what is possible with conventional mateAabpropriately designed metamaterials can affect
wavesof electromagnetic radiatiamd haded to breakthrough devices with capabilities from-super
resolution imaging to invisibility. For examples, metamaterials have nanostructured media with hyperbolic
dispersion for practical applications from subwavelength resolution imaging in the near aridSar field [
negative refractiore-B], invisibility device®][ and perfect absorber®]J] to nonlinear switching1].
Metamaterials with microscopiictures are alqwoposed for applications of thartsmission line and
microwave []2suchas the ultra wideband antennall8]3 the leakwave antenna [12Q], the resonator

[21], the duaband RFID antenna [R2the coupledine phaser [43 the magetless nonreciprocal
gyrascopic metasurface [2&urthermore, metamaterials are dee@n acoustic transformation media

[25, ora twolayered isotropic thermal me@g] in a manner not observed in the bulk materials.

However, ppropriately designed structures of metamaterials are conventionally complicated to be
designed and optimizad outlined by Veselago et 4nd Li et al.Zg. Recently, transformation optics
(TO) offers a great procedure to design the structurastamaterials to find the material parameters
needed in various applications, especially to design the anisotropic media. Anisotropic media exhibit
interesting optical properties and are used to create optical debVices the invisibility cloal,[the
superlens and the waveguide bend3d9,

The transformation optics theory which starts from the designing of the EM field pattern rather than
the trial anderror of material parametdaremendously assists in the metamaterial design process. By
transforming the geometry of the empty virtual space and linking it to the metéitieatqaimisical space,
ones can find the material parameters from the spatial transfor&ihtibne] spatial transformation can
be applied using various method swch elosdform mathematical function [9-31], a solution from
differential equation with boundary conditi@®3f, resulting in a wellefined virtual space. The well
known applications of the methods are the invisibility cloak by Pealdg/and Schurigt a[3§ and the
wave collimator by Kwon and WerrgH.[However, in these cases, transformations were described by the
closedform expressions, which were derived from an analytical approach. This approach, while perfectly
describing the dansformed coordinates, relies on the intuition and the careful analysis of the target
application. An expression might not be able to describe every arbitrary transformation. To overcome this,
Lapl ace 68839 qu aPtoii osrs off(Jpand tieegdulamh hi colnt z[ Y are pyopasaditoo n |
solve for the arbitrary transformation according to the boundary conditions. Furthermore, in these works, a
commercial finite element software was used to simulate the resulting material. Recently, a full numerical
toolchain was developed by Betral [42). This tool adapts the discrete nature of the anisotropie finite
difference frequenajomain (AFDFD) method4B 44 into the solving of La
resulting material parameters can also be expodessed in other solvers. However, these methods rely
on knowing the boundary conditions of space to solve for the curvature of space between the boundaries.
Another method of designing an opticlvice is to combine the geometrical optics with the
trangormation optics49. This method utilizes the wieflown properties of the conventibgaometrical
devices for creating a more enriching optical design. However, the design process is complicated which may
be daunting to some.

To help users who do noave extensivienowledge of transformation optics but want to use the
transformation optical methods to design metamaterials for applications, in this paper, we propose user
friendly interface with transformation optics for designing théofreeuser intdace with a touch
interface. The objective is to allow users to easily design a transformation without knowing the underlining
transformation function. The program uses the rvaglgtontroller architecture. The model class
represents the working spacel contains methods for the spatial transformations and the calculation of
material parameters. The view class provides the visualization of the space, and the user interfaces for
adjusting the transformation parameters. The controller class commbeiecates the view and the
model by passing the transformation from the view to the model and sending the transformed space back
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to the view. The resulting material parameters are imported into hepFigFam for verificatiod
44). The program can lextended by providing the mathematical functions to the model and the user
interfaces to the view. Three examples of spatial transformations are provided to verify the software.

2. ProgramArchitecture

The program is developedthie iOS platform usin§wift programming languagee advantages of this

platform are the wielariety user interfaces available for creating a program and the intuitive touch
interfaces for interacting with the spate program utilizes the modaw-controller architectur@ he

model handles the logic and the calculation of the program. The view contains the user interface for user
input and visualization. The controller handles the communication between the model and the user
interface.

2.1. Model

From the theory of transfoation optics, the effect of material on the propagation of electromagnetic
wave is the same as the effect of the geometry phtteetbat the wave travels &1.[In a real world, the
space is Euclidean which means the unit distances in all diragidhehsame effective length. We
represent the Euclidean space by a Cartesian grid as shovin in Fig.
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Fig. 1. The starting Euclidean space represented by a Cartesidhegpdsitions of the grid points
change according to the transformation applied. These changes can be converted into the material
parameters.

The positions of the grid points are stored in an array P with the first index corresponds to the x
position and the second index correspondbeoy position. When the transformation is applied, the
points shift according to the user input. The new transformed space represented by an arbitrary grid is
shown in Fig2.

Each transformation has different characteristiasebaan categorize them into two groups. The first
group is the iplace transformation where the transformation is applied directly to the current space thus
creating no new space as shown irRFifhe second group is the embedded transformation wiewe a
curved space replaces a portion of the current space as shov& in Fig.

To differentiate between the applicable points and the discarded points, we create a Boolean array
point_is_usedvhich is reassignedery time a new space is created. The program also requires a space
array to store all spaces created during the process. This can be done by storing instances of spaces
sequentially and combining them during the visualization. The space arraynishgonadter controller.
Therefore, it can be accessed by any view controller. The mechanisnptddbdransformation and the
embedded transformation are shown in Fig. 4 and Fig. 5 respectively.
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Fig. 2. An example of a transformed space represented by a curve gsdaTimslace transformation.
The space, including all electromagnetic waves that travel through that region of space, is shifted. Therefore,
the apparent paths of the wavesabmeg the curve grid.
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Fig. 3. A superlenspace is embedded into the current spaeembedded transformatiganalogous
to the placement of a lens in the traditional optical system.

Space Array Space Array
Space Class Transform Space Class
- position x,y jmmpy - function  (new position X,y
- point_is_used - position - point_is_used
- metric tensor - area affected - metric tensor

Fig. 4. The inplace transformatiohe space isansformed resulting in the new grid positions. No new
space is created.

Space Array Space Array
Space Class Embedded Space Class
- position x,y -' - fun-ct.i(m ‘ - position X,y
- point_is_used - position - new point_is_used
- metric tensor - area replaced - metric tensor

Fig. 5. The embedded transformatighnew spaceeplaces an area in the current spéoe Boolean
point_is_used is updated.

228 ENGINEERING JOURNAL Volume 23 Issue 6SSN 01288281 [ittp://www. engj.org/)



DOI:10.4186/eR019236.225

The steps of applying the transformation a@lawed. Each transformation acts on a finite region in
space. Therefore, the first step is to get only the points within that region. This can be done by looping
over all points in all spaces and selecting only the points that are applicable. Emsfothation
function will move the points accomglin This can be done simply by looping over all points. Fufiae
the transformation, one can specify the exact value of the transformation parameters. Multiple
transformatios can be applied until tlaesire geometry has reached. The last step is to calculate the
material parameters from the grid points with the following eqié8ons

‘@ ‘@2 0 QQ® 1)

where-d8 aare therelativepermittivity and permeability of physical space respedfvelg, the
inverse metric tensor which can be calculated from the point coordinates with the following4guations

T e @)
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where) ) are the first and second coordinates of the points. Finally, the model exports the resulting
metric tensor, X position, y position and the point_is_used to the simulation program for verification.

2.2. View

The vew class contains the user interfaceldsigning and visualizing the space. The view hierarchy is
shown in Fig6. The root view has a tab bar which connects to the main view, the transform collection
view and the embedded collection view. Both collection views show the available terciitagesn Cli

any template brings up the corresponding customization view. The customization view displays the current
space with the outline of a new transformation to be applied.

As an example, the ring customization igetive view for designing the invisibility cloak by radially
pushing the space outward from a single point. This creates a new space in the innehdcle whic
electromagnetic wave cannot propagate thimighther propagate aroufdhe viewcontains sliders and
text fields for the radius ratio, the outer radius, the x position and the y position as shown in Fig. 7. As the
parametersre adjusted, the grithes chang® visualize the new space. For a high smoothness of the
transformation animation, only the points at grid lines are transthurimegdthecustomization process
Clicking the apply button will transform all points in space.

For an embedded transformation, we use a superlens as an éxanp@dens is originally a half
circleEuclidean space as shown in Fagvlch will be transformed into a rRBaclidean space as shown
in Fig. 8bA linesource situated at the center of thisdiaife will generatecglindricalvave which has its
wavefront parallel to the circular edgeshown in Fig. 9d@he transformation changes this circular edge
into a straight edge as shown in 8hg.The wavednt will still be parallel to the edge. Thus, the wave
propagated from this new rectangular-Bocidean space will be a plane wave. The superlens
customization view provides the sliders to adjust the thickness, radius, and position of th& bagerlens.
isalsoa progress slider to show the gradual transformation of the virtaathkatfpace into the physical
rectangle space
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Root view

Mainview Transformcollection Embedded collection

_—— l

TrandormView Embedded View

Fig. 6. The view hierarchy of the prograrhe root view has a tab bar which connects to the main view,

the transform collection view and the embedded collection view. Selecting any template will bring up the
customization view for fitaning the transformation. After applying the transformdtiennain view

will redraw the current combined space.

P pro 07memh 121

< Cloaking

Fig. 7. The iing customization view.user can adjust the radius ratio, the outer radius, the x position and
the y position. As the user moves the slider or types in a number, the view will redraw the space for a real

time visualization. Clicking apply will confirenahange.
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Fig.8. The superlens customization viewa Cartesian griga) The starting spa¢e a halkircle
Euclidean spacé) Theresultingspaces the original haffircle space which has been compressed around
the center and stretched at both edges

These two examples demonstrate the easstohzation and visualization of thansformed space.
There is no transfmation funtion for users to write nor the imagining of the resulting space. The
transformation optics is implemented visually and intuitively.

Radius 3000

(@) o (b)

Fig. 9. The superlensustomization view in a polar grid. (a) The starting ispalalfcircle Euclidean

space where the electromagnetic wave prapaagditly from the center of the half circle. The wavefront

is parallel to the circular ed¢f®. The resulting spaée the original halfircle space which has been
compressed around the center and stretched at both edges. The wavefront is still parallel to the edge
resulingin a plane wave.

2.3. Controller

The controller connects the space model to the view so that they are independent of each other. The
architecture of the entire program is shown irlBighe main view is connected to the master controller.

After the program launches, the master cattrioitializes the space array which contains one Cartesian
space initially. Once user chooses the customization view, the corresponding view controller is loaded.
View controller wilteceive the inputs through text fields, slidetsumh evergand sed them to the

space model to transform. The model will update its temporary grid and the point_is_used Boolean and
draw a new grid path. Clicking on the apply button will transform the rest of the points. More
transformations can be added in the sameTwayexport button will trigger the model to calculate the
metric tensor and write it along with the positions and the Boolean of each metric to a file. The master
controller stores the space array which can be accessed by any view controller. ksatbe laalaition
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of space into the array as explained in Section 2.1 sigregtegram outputie space description in the
form of the metricThe next step is to import the metric into the simulation program to verify the result.

2.4. FDFD Simulation

The metric tensor from the design program will be converted to the material parameters as explained in
Section 2. 1. Using the materi al parameter s, we
pattern. The numerical method used is the fiffierence Frequendyomain (FDFD) method [434].

The reasoning for choosing FDFD over Finite Element Method (FEM) is the meshing. FEM utilizes a
triangular mesh which is more complicated to implement than the uniform rectangular grid of FDFD. In
addition the result from the design program is already in a rectangular grid, albeit slightly curved. Therefore,
we interpolate the material parameters into a Cartesian grid before assigning them to the FDFD grid. The
results from the simulation will be comparetthéodesigns from the design program. In the next section,
three examples are given to verify the program.

- compare the result FDFD Material
prr—— . . l<—
main viey, = simulation parameters &,

Master Controller

dod
1Ty

5

Space Array

® drawView

i i e 0 5

i e i
B 77T o

L rt Space model M
+ N ® spaceArray —
: 1] Do s

T —

® metricTensor
® gridPath

M resetAll

® changeView

T

transf — <
orm View Controller

A

® drawView

® spaceArray
® radiusTextField
M radiusSlider

Outer radiys

2000

® changeView

Selected
View/Controller

Fig.10. The program architecture showing the views, the controllers and the model. The symbol (P) means
a property and (M) means a metfidekprogram starts at the main view which has a tab bar to change to
the transform customization viévine transforni view sendthe input to its view controller and receives

a new space to draw. The view controller asks the space model to perforntiathgalakang it easy to

update the moddf. a new space is embedded into the current space, it will be added to the space array.
Once the user finishes the design and clicks the export buttmastbe controller asks the space model

to calculate the metric tensor. The master controller exports the metric tensor along with the position x, y
and the Boolean point_is_used to the FDFD simulation prognaatly, the resulting electromagnetic

field mttern is compared to the design in the main view for verification.
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3. Transformation Examples
3.1. Touch Transformation

The first example is the touch transformation in which the space is elastically pulled with a touch gesture
[46 as shown in Figl1Originally, a plane wave propagating in the x direction will keep propagating in a
straight line. The wavefront is parallel to the vertical lines. Once the touch transformation is applied, the
grid becomes curved. The wavefront is also curved in themaang. The design program then generates

the matdal parameters abown in Fig. Z The material parameters are used in the FDFD algorithm to

find the resulting EM field pattern which is overlaid in Eig:hk simulation result matches the design.

y

2 =

[

o L1 | |
0 1 2 X

Fig. 1. The touch transformation example planewave is travimg in the positive x directioihe
wavefront matchewith the curved grid from the touch transformatidhe distance is in a unit

wavelength.
Exx
2
1
u io -
€ €
Yy 2 ZZ 2
1 ) 1
n i 0 - io
Fig. 2. The material parameters fromtoach transformatiorilhe relative permeability tenSas the
same as the relative permittivity tensor

sxy ) Syy

(=}

3.2. Ring Transformation

The ring transformation expands a center point into an inner3d.chdl [points argushed radialipto

the ring region as shown in Fig.lth this examplehe outer radius & the radius ratio is 0.3 making the
inner radius equal @6 The center is §2.5, 2.5)The distance is in a unit wavelengfie incident wave

is a plane wave propaggtin the x direction. The wave inside the invisibility cloak will propagate in the
direction of the horizontal liniat is the wave ipropagating around the inner cirtlee wavefronts will

be the same as the curved vertical Tinesmaterigbarameters from the design program are shown in Fig.
14. The resulting EM field pattern is overlaid in HgThe simulation shows that the wave will propagate
around the inner region as designed.
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3.3. Superlens transformation

The superlenransforms a cylindrical wave into a plane wave [29] as explained in Section 2.2. In this
example, the incident wave is the cylindrical wave centered at the center difritie spifce (60.3).

The half circle has a radius of 3 and an offset ofte3esulting superlens has a thickness of 1.5. The
distance is in a unit wavelength. The superlens is embedded in the Euclidean space as shown in Fig. 15. The
superlens space is compressed vertically at the center and gradually expanded as wer move furthe
horizontally from the center. At the edge of the superlens, the space is greatly expanded as evident by the
grid line in Fig. 15. The material parameters from the design program are shown in Fig. 16. The simulation
result shows the transformation of tyindrical wave into the plane wave which corresponds to the
design of the superlens.

Fig. B. The ring transformation exampke.planewave is traveling in the positive x directidme
wavefrontmatches with the curved grid from the ring transformation. The wave propagates around the
inner circleenderinghe object inside invisiblehe distance is in a unit wavelength.
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Fig. ¥. The material parameters from a ring transformatientelative permeability tensds the same
as the relative permittivity tensor
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Fig. B. The superlens transformation exampléne source idocatedat (0, -0.3) Thecylindricalave
enters the superleasy = 0 and gradually transforms into a plane wave and exits the superlens aty = 1.5.
The distance is in a unit wavelength.

Fig. B. The material parameters from a superlens transforridgorelative permeability tensas the
same as the relative permittivity tensor

To add more transformation templates, user can add transformation functiospdoetimodeind
create the corresponding customization views and view controllers.

4. Conclusion

A program with toucinterface is developed for designing metamaterial using transformation optics with
an arbitrary spatial transformation. It uses a ma@etontroller architecture which is easily expandable.

The progren implementatioiis discussed in great det&ilchtransformation has a corresponding view

for customization and a transformation function in the model. The touch interface allows for an intuitive
application of the transformation. Transformations are stored in a curved grid and are easily converted to
thematerial parametashich can be used to verify the design using FDFD mdthiek results from the

FDFD simulation verify the correctness of the program.
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