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Abstract

The normal mapping technique is widely used in computer graphics to visualize

three-dimensional (3D) objects displayed on a �at screen. Taking advantage of optical

properties of metasurfaces, which provide a highly e�cient approach for manipulation

of incident light wavefront, we have designed a metasurface to implement di�use re-

�ection and used the concept of normal mapping to control its scattering properties.

As a proof of principle, we have fabricated and characterized a �at di�use metasurface

imitating lighting and shading e�ects of a 3D cube. The 3D image is displayed directly
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on the illuminated metasurface and it is brighter than a standard white paper by up to

2.4 times. The designed structure performs equally well under coherent and incoherent

illumination. The normal mapping approach based on metasurfaces can complement

traditional optical engineering methods of surface pro�ling and gradient refractive in-

dex engineering in the design of 3D security features, high-performance planar optical

di�users, novel optical elements, and displays.
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Shading e�ect is an important aspect of a three-dimensional (3D) visualization which

was used long before stereophotography and holography. It is essential for our perception

of volume and depth in two-dimensional projections. An incorrect representation of shading

in drawings may easily cause a confusion similar to Penrose's �impossible triangle�. In order

to achieve shading e�ects in computer graphics, the technique called normal mapping1 is

implemented in ray-tracing algorithms to create 3D-like features on surface textures, such

as regular patterns, graininess, bumps, ripples, bevels for letters or numbers, and so forth

(Figure 1a). For scattering surfaces, the orientation of the surface normal determines, in

general, lighting and shading e�ects of a planar representation of a 3D object such that

the faces which are turned away from the illumination source look darker in a 2D image

(Figure 1b). A mathematical description of the normal mapping procedure involves the

manipulation of surface normal vectors, which can be achieved with optical metasurfaces via

the tailoring of re�ection direction.

Metasurfaces are nanostructured metamaterial layers of a subwavelength thickness which

introduce phase changes in the incident light wavefront on the subwavelength scales. They

open up opportunities for manipulation of light propagation and beaming properties, such

as steering, focusing, spectral �ltering, enhancement of nonlinearities, and holographic-type
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information encoding among others.2�4 A strong chromatic aberration has been a serious

drawback of the majority of metasurface structures limiting their application in imaging

systems (optical lenses) but this problem is gradually being resolved through the implemen-

tation of all-dielectric designs.5�8

In the presence of a metasurface with a linear phase gradient, the re�ection of an electro-

magnetic wave is described by the generalized Snell's law.9 In this case, the angle of re�ection

may di�er from the angle of incidence (Figure 1c). In paraxial approximation (small inci-

dent angles), it can be shown (see Supporting Information) that the light re�ects from such

a metasurface (marked S in Figure 1c) as if it would bounce o� a virtual interface S ′ with

the orientation of the surface normal ~n′ determined by θn′ = 1
2k

dΦ
dx
, where θn′ is the angle

measured from the actual surface normal vector ~n, k is the wavenumber, and dΦ
dx

is the phase

gradient induced by the metasurface. This relation shows that in every point of the surface

the direction of ~n′ can be determined solely by the metasurface properties and independently

of the angle of incidence (though at large angles it starts depending on it). Thus, by designing

a metasurface phase distribution, one can directly de�ne a spatial map of surface normals,

which is equivalent to the e�ective surface curvature for incident light. In this situation,

the interaction of light with the metasurface can be made, to a great degree, independent

of interface�s geometric properties. For example, an interface with a concave curvature can

be transformed into optically convex or �at surfaces (as seen by incident light) and vice

versa by designing appropriate properties of a metasurface. A special case of this e�ect, a

metasurface carpet cloak, has been introduced recently: the device corrects the wavefront

of a beam re�ected from an arbitrary-shaped interface by turning it e�ectively into a plane

wave thus making the surface features optically undetectable.10�14 For similar applications,

metasurface-based di�users were developed employing random-phase patterns.15

All the e�ects considered in the previous paragraph rely on specular re�ection from meta-

surfaces, when the light coming from a particular direction is re�ected in a unique outgoing

direction. In order to achieve the described above normal mapping and shading e�ects, a
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metasurface design is needed to manipulate a di�use scattering. Here, we develop a meta-

surface that can control the di�use re�ection and show how it can be used to achieve visual

representation of 3D objects via the normal mapping method. We experimentally demon-

strate this approach on the example of visualization of a cube and discuss the applications

of this concept in the design of a wide range of 3D e�ects.
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Figure 1: (a) Example of normal mapping implementation in computer graphics: a geo-
metrically �at surface with an overlaying normal pattern corresponding to the letter �M�, a
cone, a sphere, and a tetrahedron. This is solely the normal map that induces the visible
shading e�ects in this case. In addition, small random normal perturbations (bumps) are
introduced to create a grainy, stonelike �nish. (b) Illustration of a �at metasurface (top) to
imitate shading and lighting e�ects of a 3D cube through the normal mapping and an actual
3D cube (bottom). Light source location is marked by a small bright ball. (c) Schematic
illustration of re�ection from a metasurface with a linear phase gradient.

In computer graphics, a default model for a scattering surface is a Lambertian di�user.

Its surface luminance (brightness) appears the same from any point of observation. Thus, the

surface brightness is determined only by the e�ective luminous �ux incident on the interface,

which is proportional to the cosine of the angle between the normal to a surface and the

direction to the illumination source. To realize the normal mapping approach in computer

graphics, a 3D object is approximated �rst by a coarse polygon mesh. Fine geometric surface

features are neglected during this stage of meshing. Instead they are encoded into the spatial

distribution of surface normal directions (the normal map), which is then overlaid onto the

meshed interface to de�ne shading e�ects produced by the small 3D features (see details in

Supporting Information). In this way, the brightness of di�erent parts of the object varies
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according to the normal map, providing shading that corresponds directly to the 3D features.

In order to translate the above computer graphics approach to optical domain, a meta-

surface is needed with the phase variations corresponding to a normal map of a 3D object

to be visualized. We have designed such a metasurface with a pattern imitating the shading

of a 3D cube to be observed in the direction close to a normal to sample�s interface (Fig-

ure 1b). The structure is designed in such a way that the cube faces of the image formed by

the metasurface appear darker when they are turned away from the light source, mimicking

a real 3D shape. When the illumination direction changes, the brightness of the faces of the

metasurface-projected cube should vary accordingly as it would for a real 3D cube.

The metasurface-generated phase distribution required to achieve the 3D shading e�ect

should consist of two parts (Figure 2a): a linear phase gradient de�ning the direction of

re�ection maximum for the cube faces and a pattern determining di�use scattering that

can be provided by a parabolic phase distribution, mimicking commercial di�users where

microlenses are used (see Supporting Information for details). The linear part is speci�ed

separately for each of the cube faces. It is designed to re�ect toward the observer (perpen-

dicular to the sample surface) the light incident from the direction of a normal vector of the

respective cube face. The parabolic part introduces a di�use component that expands the

angular range of the lighting e�ect and de�nes how the cube faces change their brightness

with the variation of the angle of incidence, that is, when the light source moves or the

metasurface rotates. The smooth variation of the shading of cube faces is provided by the

wide angular distribution of the di�use re�ection, which is crucial for the realization of this

3D e�ect. The angular spectrum (and, therefore, the shading) is determined by the radius

of curvature r and truncation diameter D of the small circular areas (patches) where both

parabolic and linear phase components are combined (Figure 2b). The summation of a linear

and parabolic functions results in a parabola with a shifted origin (a translated parabola),

which is shown in Figure 2a (black curve) for 1D case and in Figure 2b for 2D. The patches

work similar to microlenses in laser-written di�users.16,17 The patches are positioned ran-
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domly (Figure 2c�d) to avoid discrete di�raction pattern possible for a regular arrangement

(see Supporting Information for details of the design).
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Figure 2: (a) Design of the phase distribution within a microscopic circular patch required
for normal mapping and di�use scattering implementation. Parabolic phase variation (red
curve), responsible for di�use scattering, is combined with a linear phase variation (blue
curve) to obtain the required phase dependence (black curve). (b) Calculated phase dis-
tribution obtained according to the procedure in (a) across a circular patch. Full span of
the phase variation from 0 to 2π is discretized into 8 levels. (c) Phase pattern that consists
of multiple circular patches as in (b) is combined using a procedure described in Support-
ing Information and embedded into the metasurface to imitate a 3D cube (sample 1 with
D = 6.9µm and r is randomly distributed in the range r = 10 − 11µm). Dashed lines are
the guides for an eye separating di�erent faces of the �cube�. (d) Magni�ed central part of
the phase pattern around the cube vertex.

o implement the required phase pattern, we chose a re�ective metasurface design based

on the Pancharatnam-Berry principle suggested in ref 18. The phase controlling elements

are gold nanorods placed above a gold �lm and separated from it by a dielectric spacer

(Figure 3). The structure is illuminated with a circularly polarized light and the observation

is performed in the cross-polarization mode. Phase di�erence introduced in the re�ected

wave by di�erent nanorods is equal to the double angle of the relative nanorod orientation.

The phase modulation is wavelength independent and the structure has a high (> 80% in

theory) e�ciency in a broad spectral range 700 − 1100 nm. In addition, it works in a wide

range of angles of incidence (see Supporting Information). All these factors de�ne our choice

of the metasurface design. We note that it is possible to achieve similar e�ects with linearly

polarized illumination utilizing gap-plasmon metasurfaces suggested in refs 19 and 20.
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Figure 3: (a) Schematic illustration of a metasurface unit cell (h1 = 180 nm is the gold �lm
thickness, h2 = 105 nm is the MgF2 spacer thickness, Px = Py = 300 nm are the unit cell
sizes in x− and y−directions, respectively, L = 200 nm, W = 80 nm, and H = 30 nm are
the gold nanorod length, width, and height, respectively. (b) SEM image of the fabricated
metasurface.

The images formed with the metasurface sample 1 (r = 10 − 11µm, D = 6.9µm) are

shown in Figure 4 for eight di�erent rotation angles ϕi corresponding to the views of a 3D

cube illuminated from di�erent sides. As one can see, the metasurface behaves as a real

3D object when during rotation the cube faces which point toward the light source become

brighter. The performance of sample 1 can be observed in a greater detail (with 10◦ rotation

steps) in Movie S1 for coherent illumination. The diameter of round phase patchesD controls

the scattering properties of the metasurface (smaller D results in narrower angles of di�use

scattering). Sample 2 (r = 10− 11µm, D = 3.3µm) was designed to achieve the cube faces

fading faster as they are being turned away from the source, that is, mainly one of them is

visible at a time (Movie S2 and Figure S9 in Supporting Information).

The metasurface pattern works under both coherent and incoherent illumination. This

can be understood considering the spatial coherence of light determined by the size and the

distance to the light source, according to the van Cittert�Zernike theorem.21 For example,

for ceiling spotlights and light bulbs, the coherence area calculated from the theorem has a

diameter in the order of 10 µm (see Supporting Information for details). The round phase

patches have diameters of 6.9µm (sample 1) and 3.3µm (sample 2) and perfectly �t into the

estimated coherence area. Therefore, each of the individual patches performs as designed
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in terms of steering and di�using the re�ected incoherent light. The interference between

distant patches is absent due to the limited spatial coherence area, which is bene�cial because

it further smooths the angular spectrum for incoherent illumination.

220o

180o

140o90o40o

ϕi=0o

270o320o

Figure 4: Image of a cube (sample 1) observed at a normal to the metasurface pattern as the
light source rotates about the sample (equivalent to the metasurface rotating about the light
source). The rotation angle ϕi is indicated for each image. The metasurface is illuminated
at an angle of incidence θi = 21◦ with coherent light of a wavelength of 785 nm. Metasurface
parameters: r is randomly distributed in the range r = 10−11µm and a truncation diameter
D = 6.9µm. (Snapshots from Movie S1.)

The images obtained with incoherent broadband illumination (720�760 nm) also demon-

strate an excellent performance in 3D visualization (Movie S3 and Figure S10 in Supporting

Information). No signi�cant di�erences in graininess of the image were observed with coher-

ent and incoherent illumination. Therefore, the role of speckle formation, typical for di�use

surfaces under coherent illumination, appears to be minimal for the metasurfaces studied.

Good performance of the metasurfaces with incoherent light evidences that the 3D e�ects

based on normal mapping can work with incoherent light sources without the need of laser

illumination.
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Grainy appearance of the structures under both coherent and incoherent illumination

is typical for a di�use surface observed under large magni�cation (we underline that the

metasurface size is just 400× 400µm limited by fabrication in this proof-of-principle study).

The graininess is related to the fact that di�erent parts of the pattern send light in di�erent

directions (Movie S4). This sort of graininess can be improved through the optimization of

the �lling scheme for the circular patches to reduce their overlap, thus eliminating additional

phase jumps and image noise associated with it (see Supporting Information). Nevertheless,

even in the current design, the image quality can be improved using smaller magni�cation

for observation of the structures (Figure 5). The cube images look rather homogeneous at

this low (40×) magni�cation. The structures are illuminated by an unpolarized, incoherent

white-light source (coherence area diameter of approximately 8µm) and the re�ection is

�ltered by a standard passive 3D cinema glasses (acting as an output circular polarizing

�lter). It validates that the developed metasurface does not require any special expensive

equipment (lasers, polarizers, phase retarders) to observe 3D image e�ects and therefore it

should make it easier to utilize the structures in practical applications.

To evaluate the scattering e�ciency of the metasurfaces, we compared their luminance

(brightness) at its maximum (illumination angle about 20◦) against a good di�use surface,

white o�ce paper. Under white incoherent illumination, sample 1 shows approximately 0.7

luminance of the white paper, while sample 2 is about 2.4 times brighter than the white paper

(the evaluation was limited to the red channel of a CMOS camera because the metasurface

working spectral range is limited to > 600 nm, see Figure S6b and Supporting Information).

These observations show that the metasurface structures have high enough e�ciency to be

observed by the naked eye under room illumination.

In summary, we have developed the concept of surface normal mapping for the visual-

ization of 3D objects and shading e�ects with optical metasurfaces. In order to achieve this,

we have designed a metasurface that provides control of di�use scattering. We have exper-

imentally demonstrated the metasurface-based normal mapping for di�use surfaces on the

9



 a  b  c
Figure 5: Images of di�erent metasurface patterns under incoherent white-light illumination
with a coherence diameter of approximately 8µm observed at 40× magni�cation. The rota-
tion angles of the sample ϕi are 0◦ (a), 120◦ (b), and 240◦ (c). The structures are illuminated
from the top at the angle of incidence ≈ 35◦. Samples 1 and 2 are marked by a circle and
a square, respectively. Other images corresponds to the metasurface patterns with di�erent
structure parameters. The only polarizing element used for this observation is a circular
polarizing �lter from a 3D cinema glasses located before the microscope objective to process
re�ection. True red color of the images corresponds to the wavelength range of the highest
e�ciency.

example of 3D shading e�ects for di�erent angles of illumination. The developed metasur-

faces work under broadband incoherent illumination and do not require expensive polarizing

elements and lasers: they can be observed with just 3D cinema glasses.

Even though the normal mapping analogy ful�lls exactly only for small angles of incidence

(paraxial approximation), this fact does not compromise the visual perception of the 3D e�ect

because a human eye does not measure the angles but just tracks the brightness variation

of the cube faces. The metasurface-enabled images presented here di�er from metasurface-

based holograms because the image formation occurs immediately at the metasurface but

not in the di�raction �eld away from the structure. The visual e�ects based on the surface

normal mapping, which we have demonstrated here, can be utilized in security holograms,

a special branch of holography, which utilizes re�ective relief holograms with such e�ects as

color play, 3D e�ects, and kinetic images (cartoons), for the protection of brand packages,

notes, IDs, credit cards, and so on. It also can be possible to achieve not only static but also

dynamically controlled metasurface structures22 for kinetic 3D images.
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The metasurface di�users we have developed exhibit several advantages (especially at

oblique incidence) over scattering surfaces manufactured through the interface pro�ling.

Their �at surface is free from shadows and it minimizes the loss of light in spurious directions

due to multiple re�ections that may occur when a re�ected ray hits a neighbor structure in

traditional microlens-based and natural optical di�users. Thus, we believe that the developed

metasurface design can be useful for display technology, metrology, and applications requiring

optical systems with engineered scattering (including o�-axis geometries). Normal mapping

applied to a specular re�ecting interface can be used for wavefront shaping either together

with or independently from surface pro�ling. It can enhance or correct surface curvature

e�ects and, therefore, can be employed in optical engineering, in addition to geometric optics

and GRIN methods, for designing novel optical elements.
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