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3D DISPLAY APPARATUS, METHOD, AND APPLICATIONS

Related Application data

The instant application claims priority to US provisional application No. 62/308,308 filed on March

15, 2016 and US provisional application No. 62/333,420 filed on May 9, 2016, the subject matters of

which are incorporated by reference herein in their entireties.

Background

Aspects and embodiments of t e invention most generally pertain to visual display apparatus and

systems, image display methods, and applications. More particularly, aspects and embodiments are

directed to 3D near-eye display systems for Virtual Reality (VR) and Augmented Reality (AR)

systems, methods pertaining thereto, and applications thereof.

Conventional 3D near-eye displays for VR and/or AR applications use stereoscopic methods to realize

3D imaging effects by separately presenting two offset images to the eft and right eyes of the viewer.

Typically, one micro-display (e.g., OLED, LCOS, etc.) or portable display (such as a smartphone

screen that is split into two sections, etc.) (hereinafter display') is used as an image source along with

suitable optics to form a virtual image viewable by each eye. Fig. 1 shows an example of a Google

Cardboard VR viewer wherein a smartphone screen is split into two sections to provide two offset

images.

An image display is generally composed of an array of pixels (e.g., 1080 x 200) as minimal display-

source elements. For VR applications, the display and optics are located in front of each eye to form

the near-eye display. For AR applications, the display and optics are typically not directly located in

front of each eye; rather, the virtual image is re-directed to the eye through a partial reflector (or

diffractive element functioning as a partial reflector) so that the eye can also see the real world. Figs.

2a and 2b, respectively, illustrate near-eye displays for one eye of a viewer for VR and AR

applications.

During stereoscopic viewing the viewer is presented with two near-eye displays; one for the left eye

and another for the right eye. Both eyes focus on each virtual screen, respectively, to see two offset

images whose optical paths cross to form a 3D image. Figs. 3a and 3b, respectively, illustrate

differences between natural viewing and stereo viewing. In natural viewing, vergence and focal

distance are equal. The viewer adjusts the vergence of the eyes to look at an object, and the eyes focus

to sharpen the retinal image. Because of the tight correlation in natural viewing, vergence and

accommodation are neurally coupled. Specifically, accommodative changes evoke changes in

vergence (accommodative vergence), and vergence changes evoke changes in accommodation



(vergence accommodation). In stereo viewing on a conventional stereo display, the focal distance is

fixed at the distance from the eyes to the display screen, while vergence distance varies depending on

the distance being simulated on the display. Thus a vergence-accommodation conflict is created when

viewing a stereo display. To see the object clearly and without double vision the viewer must

counteract the neural coupling between vergence and accommodation to accommodate to a different

distance than the distance at which the eyes must converge. Visual fatigue and discomfort occur as

the viewer attempts to adjust vergence and accommodation appropriately.

The literature describes a Zone of Comfort (ZoC) as a relationship between distance of vergence and

distance to the screen (accommodation distance). Certain VR/AR applications such as, e.g., a

computing platform suggest that the vergence distance of the 3D image should be less than 0.5 meter

so that the viewer's hand can reach it easily. The ZoC suggests that the accommodation distance of

the virtual screen should be less than one (1) meter for 0.5 meter comfort vergence distance.

Currently available VR/AR devices either do not or cannot meet this requirement. The inventor has

recognized the advantages and benefits provided by a solution to the vergence-accommodation

problem, said solution being enabled by the invention claimed herein.

Summary

An aspect of the invention is a 3D display apparatus. In a non-limiting, exemplary embodiment the

3D display apparatus includes a display screen component comprising a display screen pixel array

adapted to display a display screen image; a microlens imaging component comprising an array of

microlenses corresponding to the display screen pixel array disposed adjacent the display screen

component such that the microlens imaging component can form a virtual or a real image of the

display screen image; and a controllable movement component coupled to at least one of the imaging

component and the display screen, wherein the imaging component and the display screen are

controllably movable relative to each other, further wherein upon a controlled movement of the

imaging component relative to the display screen, a location of the virtual or the real image along an

optical axis is controllably changed. In various non-limiting, exemplary aspects the embodied

apparatus may include some or all of the following features, limitations, and/or characteristics alone

or in combination as one skilled in the art would understand:

-wherein the display screen is in a fixed location and the microlens imaging component is movable;

-wherein the microlens imaging component is movable along an optical, z, axis in front of the

display screen;

-wherein the microlens imaging component is movable in a plane, x-y, perpendicular

to an optical, z, axis in front of the display screen;

-wherein the microlens imaging component is in a fixed location and the display screen is movable;



-wherein the display screen is movable along an optical, z, axis behind the microlens imaging

component;

-wherein the display screen is movable in a plane, x-y, perpendicular to an optical, z,

axis behind the microlens imaging component;

-wherein both the microlens imaging component and the display screen are movable;

-wherein the microlens imaging component is movable along an optical, z, axis in front of the

display screen, and the display screen is movable in a plane, x-y, perpendicular to an optical,

z, axis behind the microlens imaging component;

-wherein the microlens imaging component is movable in a plane, x-y, perpendicular to an

optical, z, axis in front of the display screen, the display screen is movable along an optical, z,

axis behind the microlens imaging component;

-wherein each of the microlenses has a lateral dimension between 0.5x and 2x a lateral dimension of a

single display pixel;

-wherein each of the microlenses has a lateral dimension that is equal to the lateral dimension of a

single corresponding display pixel;

-wherein the pitch of the microlenses is equal to or larger than the lateral dimension of each of the

microlenses.

An aspect of the invention is a near-eye display system. In a non-limiting, exemplary embodiment the

near-eye display system includes a 3D display apparatus, comprising a display screen component

comprising a display screen pixel array adapted to display a display screen image; a microlens

imaging component comprising an array of microlenses corresponding to the display screen pixel

array disposed adjacent the display screen component such that the microlens imaging component can

form a virtual or a real image of the display screen image; and a controllable movement component

coupled to at least one of the imaging component and the display screen, wherein the imaging

component and the display screen are controllably movable relative to each other; and a viewing lens

fixedly disposed adjacent the microlens imaging component, wherein a final virtual image of the

display that is viewable by a viewer will be formed by the viewing lens at a controllably variable

distance, Z from the viewing lens relative to a movable position of the microlens imaging component,

where Z is the accommodation distance of the viewer's eye. In various non-limiting, exemplary

aspects the embodied system may include some or all of the following features, apparatus,

components, limitations, and/or characteristics alone or in combination as one skilled in the art would

understand:

-wherein the viewing lens is a positive lens system comprising at least a piece of positive lens

including a Fresnel lens or a group of lenses to form a positive lens group;



-wherein the movement of microlens imaging component along the z-axis is time modulated (z(t)) in

the manner so that the corresponding final virtual images from the viewing lens can form a 3D image

viewable by the viewer.

An aspect of the invention is a method for displaying an image. In a non-limiting, exemplary

embodiment the method includes the steps of providing a near-eye display system, comprising a near-

eye display apparatus, further comprising a display screen component comprising a display screen

pixel array adapted to display a display screen image; a microlens imaging component comprising an

array of microlenses corresponding to the display screen pixel array disposed adjacent the display

screen component such that t e microlens imaging component can form a virtual or a real image of

the display screen image; and a controllable movement component coupled to at least one of the

imaging component and the display screen, wherein the microlens imaging component and the display

screen are controllably movable relative to each other; and a viewing lens fixedly disposed adjacent

the microlens imaging component, so as to form a final virtual image of the display at a controllably

variable distance, Z from the viewing lens; and moving the microlens imaging component relative to

the display screen component to vary the distance, Z and thus controllably change the

accommodation distance of the viewer's eye. In various non-limiting, exemplary aspects the

embodied method may include some or all of the following steps, features, apparatus, components,

limitations, and/or characteristics alone or in combination as one skilled in the art would understand:

-further comprising time modulating the movement of microlens imaging component along the optical,

z, axis (z(t)) in the manner so that the corresponding final virtual images from the viewing lens form a

3D image viewable by the viewer.

Brief Description of the Drawings

Fig. 1 shows an example of a Google Cardboard VR viewer wherein a smartphone screen is split into

two sections to provide two offset images, as known in the art.

Figs. 2a and 2b, respectively, illustrate conventional near-eye displays for one eye of a viewer for

virtual reality (VR) and augmented reality (AR).

Figs. 3a and 3b, respectively, represent differences between natural viewing and stereo viewing.

Figs. 4 schematically illustrates a 3D display apparatus according to an exemplary embodiment of the

invention.

Fig. 5a schematically shows the position of device components in a 3D near eye display VR system;

Fig. 5b schematically shows the position of device components in a 3D near eye display AR system,

according to exemplary embodiments of the invention.

Fig. 6 schematically illustrates a verification experiment set-up in accordance with embodiments of

the invention.



Fig. 7a shows a picture of a DSLR camera that was used to record virtual images from a display for a

lens array at different distances to the display; Fig. 7b shows pictures taken with the camera at the best

focus of the camera where the pixels (graininess) of the cubes in the pictures are resolvable when the

pictures were zoomed in; Fig. 7c shows pictures that were taken with the camera at out of focus of the

camera, where the pixels of t e cubes in the pictures were blurred, according to illustrative

embodiments of the invention.

Fig. 8 shows a picture of an experimental setup of a near-eye display for one eye, in accordance with

embodiments of the invention.

Fig. 9a shows a picture of the camera at focus distance of 0.75 m; Fig. 9b shows the best focused

pictures (taken sequentially) of two cube targets - (left) and (right), through the Google Cardboard

lens and the micro-lens array, in accordance with embodiments of the invention.

Fig. 10a shows a picture of the camera at focus; Fig. 10(b) shows that t e pixels of the pictures are

blurred with the camera lens focusing at infinity, which indicates that the camera lens was defocused

and the virtual images of the cubes were not at infinity in accordance with embodiments of the

invention.

Fig. 11a shows a picture of the camera at best focus with the microlens array 0.5 mm from the display

screen; Fig. 11(b) shows pictures of the cubes through the Goggle cardboard lens and the micro-lens

array, indicating that the virtual images of the targets were re-located to 1.5 m away from the camera

(or viewer's eye) by moving the micro-lens array from the screen 0.5 mm.

Fig. 1 a shows a picture of the camera at best focus with the microlens array 1.0 mm from the display

screen; Fig. 12(b) shows pictures of the cubes through the Goggle cardboard lens and the micro-lens

array, indicating that the virtual images of the targets were re-located to 4 m away from the camera (or

viewer's eye) by moving the micro-lens array from the screen 1 mm.

Fig. 13a shows a picture of the camera at best focus at infinity with the microlens array 1.2 mm from

the display screen; Fig. 13b shows pictures of the cubes through the Goggle cardboard lens and the

micro-lens array, indicating that the virtual images of the targets were re-located to infinity by moving

the micro-lens array from the screen 1.2 mm.

Fig. 14 shows an alternative experimental set-up with a Fresnel lens used as the VR lens in this

experiment. The same Nikon DSL camera was used for recording the results.

Fig. 15a shows a picture of the camera at best focus at 1 m; Fig. 15b shows pictures of the cubes

through the Fresnel lens and the micro-lens array, indicating that the virtual image of the display

screen was located at 1 m away from the camera (or viewer's eye).

Fig. 16a shows a picture of the camera at best focus at 1.5 m when the micro-lens array was

positioned 0.5 mm away from the display screen; Fig. 16b shows pictures of the cubes through the

Fresnel lens and the micro-lens array, indicating that the virtual image of the display screen was

located at 1.5 m away from the camera (or viewer's eye).



Fig. 17a shows a picture of the camera at best focus at 3 m when the micro-lens array was positioned

1.0 mm away from the display screen; Fig. 17b shows pictures of the cubes through the Fresnel lens

and the micro-lens array, indicating that the virtual image of the display screen was located at 3 m

away from the camera (or viewer's eye).

Fig. 18a shows a picture of the camera at best focus at close to infinity when the micro-lens array was

positioned 1.2 mm away from the display screen; Fig. 18b shows pictures of the cubes through the

Fresnel lens and the micro-lens array, indicating that the virtual image of the display screen was

located essentially at infinity from the camera (or viewer's eye).

Detailed Description of Non-limiting, Exemplary Embodiments

Aspects and embodiments of t e invention describe 3D near-eye display apparatus for VR and/or AR

applications and methods that eliminate or mitigate accommodation and vergence conflict, and which

may be used to generate true 3D images. Referring to Fig. 4, a micro-lens array 402 comprising

micro-lens elements (or lenslets) 402 is located in front of (to the left of) a display 404 including

display pixels 404 . The micro-lens elements may all be the same or not. A precision actuator 406 is

provided to move the micro-lens array 402 relative to the display 404. The actuator may be, e.g., one

or more MEMS or silicon-based devices, piezo-based devices, memory alloy-based devices, VCM

(Voice Coil Motor) or VCA (Voice Coil Actuator)-based devices, stepper motor-based devices, and

others known in the art. The lateral dimensions of each micro-lens element, as well as the array pitch,

are advantageously the same (e.g., 1 pixel) or may be a bigger (e.g., up to 2 pixels) or smaller (e.g.,

down to 0.5 pixel) than the lateral dimensions of each display pixel. For example, if each pixel's

lateral (x by y) dimensions in an illustrative OLED micro-display are 10 x 10 µ ι, then each micro-

lens element's dimensions could also be 10 x 10 µ ι (or up to 20 x 20 µ ι, or down to 5 x 5 µ ι) . The

micro-lens array is mounted on the actuator (or other appropriate movement device) to enable precise

movement along the optical path (z) direction. Assuming the effective focal length of each lenslet is

f a, Fa is the focal point of a lenslet along its own optical axis. The distance, d 0, between the display

and micro-lens array may be larger than the focal length, f , of each lenslet for a real image, or smaller

than f for a virtual image of each display pixel that is formed by the lenslet in front of it. Here we

only consider the case of a virtual image when d 0 < f then the virtual image 408 of the entire display

pixel array is also formed at a distance, d , from the display through the lens array. With movement of

the lens array, d 0 changes in the z-direction and the virtual image of the display pixel array also moves

d changes). The relationships of location of each component in Fig. 4 are:



1 1

+ d ~ ! ,
(2)

When the display 404 is placed in the near-eye display system 500-1, 500-2, shown in Fig. 5 for (a)

VR and (b) AR, with the movement of the micro-lens array 402, the location of the final virtual image

that will be seen by the viewer also changes along the optical path direction, such that the

accommodation distance of the viewer's eye also changes. Fig. 5a shows the position of each

device/component in a VR system 500-1 that follows the relationships below, assuming the VR lens

has an effective focal length of fi, and the focal point is at Fb, its distance to the display is D0, and the

final virtual image of display is at distance Z) from the VR lens.

D + d ≤ f
0 i ' b (3)

D0 + j (4)

Equation (2) shows that when the micro-lens array is moved (d0 changes), d also changes, and Z) also

changes (Equation (4)), where Z) is the accommodation distance of the viewer's eye if we ignore the

distance between the viewer's eye to the VR lens since they are very close. In addition, due to the

reciprocal relationship in Equations (2) and (4), if d0 was set to be close tof a and (D0 + d,) close tofi,,

then a small movement (e.g., two to several microns to several mm depending on fa or /and ,) of the

micro-lens array (small change of d0) can cause a large change (e.g., fractions of up to 10s of m) in Z),.

Fig. 5b shows the position of each device/component in an AR system 500-2 that will also follow the

same relationships in Equations (1) to (4) with D0 = D + D2.

Two experimental examples are presented below.

Experimental verifications

Optical imaging systems of some current commercial VR systems are very simple; they comprise just

two identical positive lenses as VR lenses, one for each eye of the viewer, in front of a micro-display

or smart phone screen that functions as the image source display (e.g., Google Cardboard VR system

shown in Fig. 1). A lens from an off-the-shelf Google Cardboard VR system was chosen as the VR

lens for the first verification experiment, whose results are shown below in Experiment I . Because

some current VR systems also use Fresnel lenses as VR lenses for the viewer, an off-the-shelf Fresnel

lens was used for the second verification experiment, whose results are presented in Experiment II

below.



A schematic diagram of the verification experiment set-up is shown in Fig. 6, where the VR lens 602

was an off-the-shelf Google Cardboard lens in Experiment I and an off-the -shelf Fresnel lens in

Experiment II. An off-the-shelf micro-lens array 604 (produced by RPC Photonics, part number:

MLA-S100-f28-A-2S) was placed in front of (to the left of) an Apple iPhone 6, which was used as

the display 606. The size of each lenslet in the lens array 604 is 0 .1 x 0 .1 mm, while the size of the

display pixel 607 is about 0.08 x 0.08 mm; thus each lenslet is slightly larger than each pixel on the

display. The focal length,/,, of each lenslet is 2.8 mm. Each lenslet has a single side spherical

convex surface (as illustrated) and is advantageously made of polymer having a thickness of 0.02 to

0.2 mm on a glass substrate with thickness of 2 mm. The lenslet side of the array was facing the

display as illustrated. The overall size of the array is 50.8 x 50.8 mm. The lens array was mounted

on a precision translation stage so that its distance to the screen could be adjusted. Because there is a

touch screen glass in front of the display pixels in an iPhone 6, we can assume the optical equivalent

distance from the front end of the touch screen to the display pixels is d , which was estimated to be <

1 mm. Because each lenslet in the lens array has a long focal length (f a = 2.8 mm), in both

experiments the distance, d0 , between the lens array and t e screen of the display was changed from 0

to 1.2 mm to ensure d0 <f a in Equation (1) for the virtual image case; here d0 = d0 + de , while the

distance, D0 , between the VR lens and the display screen was kept unchanged. A DSLR camera

(Nikon D610 with a Nikon Zoom lens (18-200 mm)) shown in Fig. 7a was used to record the virtual

images from the display for t e lens array at different distances to the display. The distances, Z of

the virtual images to the VR lens were reflected by the best focal distances, Df , of the DSLR camera to

take the pictures. Here Df ~ Z since the camera was placed very close (almost touching) to the VR

lens. Df is also the accommodation (or focal) distance of a viewer's eye when the viewer is seeing the

virtual image of the display through the VR lens. In the experiments two cube images with different

colors were generated, one at a time, on the display for the camera to take their virtual images (one at

a time) through the VR lens and lens array. Figs. 7b and 7c show two examples of pictures acquired

by the DSLR camera. Fig. 7b shows that the pictures were taken at the best focus of the camera

where the pixels (graininess) of the cubes in the pictures are resolvable when the pictures were

zoomed in. Fig. 7c shows that the pictures were taken at out of focus of the camera, where the pixels

of the cubes in the pictures were blurred.

Experiment I - Google Cardboard lens as VR lens

Figure 8 shows a picture of an experimental setup of a near-eye display for one eye. The Google

Cardboard lens was from BrizTech Ltd and purchased from Amazon.com. The lens was mounted on

a multi-axis precision micro-stage for alignment with the cube target on the display and distance

adjustment to the display screen. The lens has a focal length, f b, of 45 mm and a diameter of 25 mm.



The entire setup follows the schematic diagram shown in Fig. 6 and represents a conventional VR

near eye display if without the micro-lens array that is shown in Fig. 2a.

As described above, in the experiments the distance between the micro-lens array and the display

screen, d 0 , was changed while keeping t e distance, D , between the Google Cardboard lens and the

display screen unchanged. Due to the focal length of the VR lens, fi, = 45 mm, D 0 was set at 42 mm

to ensure it met the requirement of Equation (3). Using the Nikon DSL camera to view the cube

image on the screen (one cube at a time) through the Google Cardboard lens and the micro-lens array,

the camera was adjusted to best focus to take the pictures of the cubes (one at a time). The best focus

distance of the camera was recorded. Following are the details of the experiments.

1. Move the micro-lens array so that it touches the display screen (d = 0). Take pictures of the

cubes (one at a time) with the best focus and record the focusing distance. Fig. 9(a) shows the

lens window of the DSLR camera for the focusing distance, which is at about 0.75 m, and Fig.

9(b) shows two pictures taken one at a time of two cubes with the camera at the best focus.

To show the details, the pictures were zoomed in and cropped so that the pixels could be seen

on the pictures. This indicates that the virtual images of the cubes on the display screen were

located at about 0.75 m away from the camera (or viewer's eye) when they were seen through

the Google Cardboard lens and the micro-lens array.

For comparison, the pictures of the same cubes were also taken using the camera with the lens

focused at infinity (∞ , not the best focus), which are shown in Figs. 10(a) and (b). Fig. 10(b)

shows that the pixels of the pictures are blurred with the camera lens focusing at infinity,

which indicates that the camera lens was defocused and the virtual images of the cubes were

not at ∞ .

2 . Move the micro-lens array 0.5 mm away from the iPhone screen d 0 = 0.5 mm) and keep all

other parameters the same. Adjust the camera to the best focus and take pictures of the cubes

through the Goggle cardboard lens and the micro-lens array, whose results are shown in Figs.

11a and 1lb. Figs. 1la and 1lb indicate that the virtual images of the targets were re-located

to 1.5 m away from the camera (or viewer's eye) by simply moving the micro-lens array 0.5

mm away from the display screen.

3. Move the micro-lens array another 0.5 mm away from the display screen (d = 1 mm) and

keep everything else the same. Using the camera with the best focus to take pictures of the

cubes through the Goggle cardboard lens and the micro-lens array, the best focus was at about

4 m (a bit less than 15 feet), as shown in Figs. 12a and 12b. The pictures indicate that the



positions of the virtual images of targets on the display screen were changed to 4 m away

from the camera (or viewer's eye) by moving the micro-lens array from the screen 1 mm.

4 . Move the micro-lens array another 0.2 mm away from the display screen (d = 1.2 mm) and

keep everything else the same. Adjust the camera to the best focus to take pictures of the

targets through the Goggle cardboard lens and the micro-lens array, whose results are shown

in Figs. 13a and 13b. Fig. 13a shows that the position of the virtual images of the targets on

the display screen has changed to ∞ .

This experiment shows that t e positions of the virtual images of targets on the display screen can be

changed from 0.75 m to infinity by just moving the micro-lens array 1.2 mm away from the screen

using this experimental setup. The movement ranges of the virtual images and the micro-lens array

depend on the optical power of the VR lens and the lenslets of the micro-lens array that follow

Equation (1) - (4). Generally, the higher the optical power of the VR lens and/or the lenslets, the

shorter the movement of the micro-lens array for the same movement range of the virtual images.

Experiment II - Fresnel lens as VR lens

An off-the-shelf Fresnel lens (Part #3.3 from Fresnel Technologies, Inc.) with focal length f = 51 mm

was used as the VR lens in this experiment. The lens was made of Acrylic with the lens diameter of

50 mm and overall size of 64 x 64 x 1.5 mm. Everything else was kept the same as in Experiment I .

Fig. 14 shows the experimental set-up. The same Nikon DSL camera was used for recording the

results.

Following are the details of the experiment.

1. Move the micro-lens array until it touches the display screen (d = 0). Set up the distance

between the Fresnel lens and the display screen at about 47 mm (D0 = 47 mm) to satisfy

Equation (3). Use the camera to take pictures of the targets with the best focus through the

Fresnel lens and the micro-lens array, as shown in Figs. 15a and 15b. The best focus distance

of camera indicates that the virtual image of the display screen was located at 1 m away from

the camera (or viewer's eye).

2 . Move the micro-lens array 0.5 mm away from the display screen (d = 0.5 mm) and keep

everything else the same. Use the camera with the best focus to take pictures of the targets

through the Fresnel lens and the micro-lens array. The best focus is at about 1.5 m (5 feet), as

shown in Figs. 16a and 16b.



3 . Move the micro-lens array another 0.5 mm away from the display screen (d = 1 mm) and

keep everything else the same. Use the camera with the best focus to take pictures of the

targets through the Fresnel lens and the micro-lens array, whose results are shown in Figs. 17a

and 17b. Fig. 17a indicates t e location of virtual images of targets were at greater than 3 m

away from the camera (or viewer).

4 . Move the micro-lens array another 0.2 mm away from the display screen (d = 1.2 mm) and

keep everything else the same. Use the camera with the best focus to take pictures of the

targets through the Fresnel lens and the micro-lens array. Figs. 18a and 18b show the results,

which indicate that the virtual images were now located at close to .

This experiment shows that the positions of the virtual images of the targets on the display screen can

be changed from 1 m to (close to) infinity by moving the micro-lens array just 1.2 mm away from the

screen. We also see that due to the weaker optical power of the Fresnel lens compared to the Google

Cardboard lens, the movement range of the virtual images of the targets is smaller than that in

Experiment I with the same movement of the micro-lens array.

Both experiments verified that by placing a movable micro-lens array in front of the display screen

and effecting a small movement, a relatively large positional change of the virtual image can be

realized in the optical path (z) direction that will be seen by the viewer in a VR (or AR) system.

Therefore, the accommodation (or focal) distance is adjustable for both systems. Here, all the

components and devices used were available off-the-shelf; they were not optimized for the best image

quality. Both the Google Cardboard lens and the Fresnel lens used here had large field curvature and

distortion, the Google Cardboard lens being worse. The image quality could be further improved by

optimizing the micro-lens array and VR (or AR) optical system to the display screen.

There are two methods to eliminate or mitigate accommodation- vergence conflict:

1. With the stereoscopic method for 3D imaging, one could set up different accommodation

distances (Z - locations of the virtual images that the viewer will see) to reach comfortable

vergence distances by moving the micro-lens array based on the ZoC. For example, we can

move the micro-lens array to make the virtual image (accommodation) distance (D,) 1 m for

comfort vergence distances of the 3D image from 0.5 m to 1.5 m and, then, at 10 m for

comfort vergence distances from 1.5 m to infinity based on the ZoC.

2 . An ima display can be expressed as



where , χ,,y t) represents the light intensity on the i pixel at location (x y,) and time t . (R, G, B)

represent red, green and blue colors respectively. The image on the display is represented in 2D (x

and y) dimensions (perpendicular to the optical, z, axis). When the display has a movable micro-lens

array in front of it, the virtual image of the display through the micro-lens array can be expressed as:

yi z(t),t) = ({χ , γ ί + /" ( , y ,z(r), ή + !; x , γ , t) g

Where I j(Xj,yj,z(t),t) represents the light intensity of the virtual image of the it pixel on the display at

location (x y z(t)) and time t . The image is now represented in the z dimension (also the optical axis)

as well as the x and y dimensions. It is possible to time-modulate the micro-lens array movement so

that z(t) can be changed in a manner to make a true 3D virtual image of display expressed in Equation

(6).

Other benefits of placing the micro-lens array in front of the micro-display include:

1. The lens elements will collect more light from the display pixels, so the brightness of the

near-eye display will be improved, which is very helpful for AR applications.

2 . If adding lateral movement of the lens array in the x and y directions, it may reduce the

screen-door effect (SDE) that happens in almost all the current versions of VR systems. The

SDE is a grid of fine lines one may see when you have your face in VR, as if looking out of a

screen door. That grid is actually the space between pixels. If the lens array is vibrated along

the x and y directions with an amplitude of about the spacing between pixels and with a

suitable frequency (e.g., > 30 Hz), such movement could blur the grid lines to reduce the SDE

without degradation of image quality.



I claim:

1. A 3D display apparatus, comprising:

a display screen component comprising a display screen pixel array adapted

to display a display screen image;

a microlens imaging component comprising an array of microlenses

corresponding to the display screen pixel array disposed adjacent the display screen

component such that the microlens imaging component can form a virtual or a real

image of the display screen image; and

a controllable movement component coupled to at least one of the imaging

component and the display screen,

wherein the imaging component and the display screen are controllably movable relative to

each other,

further wherein upon a controlled movement of the imaging component relative to the display

screen, a location of the virtual or real image along an optical axis is controllably changed.

2 . The 3D display apparatus of claim 1, wherein the display screen is in a fixed location and the

microlens imaging component is movable.

3 . The 3D display apparatus of claim 2, wherein the microlens imaging component is movable

in a plane, x-y, perpendicular to an optical, z, axis in front of the display screen.

4 . The 3D display apparatus of claim 2, wherein the microlens imaging component is movable

along an optical, z, axis in front of the display screen.

5 . The 3D display apparatus of claim 4, wherein the microlens imaging component is movable

in a plane, x-y, perpendicular to an optical, z, axis in front of the display screen.

6 . The 3D display apparatus of claim 1, wherein the microlens imaging component is in a fixed

location and the display screen is movable.

7 . The 3D display apparatus of claim 6, wherein the display screen is movable in a plane, x-y,

perpendicular to an optical, z, axis behind the microlens imaging component.



8 . The 3D display apparatus of claim 6, wherein the display screen is movable along an optical,

z, axis behind the microlens imaging component.

9 . The 3D display apparatus of claim 8, wherein the display screen is movable in a plane, x-y,

perpendicular to an optical, z, axis behind the microlens imaging component.

10. The 3D display apparatus of claim 1, wherein both the microlens imaging component and the

display screen are movable.

11. The 3D display apparatus of claim 10, wherein the microlens imaging component is movable

along an optical, z, axis in front of the display screen, and the display screen is movable in a plane, x-

y, perpendicular to an optical, z, axis behind the microlens imaging component.

12. The 3D display apparatus of claim 10, wherein the microlens imaging component is movable

in a plane, x-y, perpendicular to an optical, z, axis in front of the display screen, the display screen is

movable along an optical, z, axis behind the microlens imaging component.

13. The near-eye display apparatus of claim 1, wherein each of the microlenses has a lateral

dimension between 0.5x and 2x a lateral dimension of a single display pixel.

14. The near-eye display apparatus of claim 1, wherein each of the microlenses has a lateral

dimension that is equal to the lateral dimension of a single corresponding display pixel.

15. The near-eye display apparatus of claim 1, wherein the pitch of the microlenses is equal to or

larger than the lateral dimension of each of the microlenses.

16. A near-eye display system, comprising:

a 3D display apparatus, comprising:

a display screen component comprising a display screen pixel array

adapted to display a display screen image;

a microlens imaging component comprising an array of microlenses

corresponding to the display screen pixel array disposed adjacent the display

screen component such that t e microlens imaging component can form a

virtual or a real image of the display screen image; and



a controllable movement component coupled to at least one of the

imaging component and the display screen,

wherein the imaging component and the display screen are controllably movable

relative to each other; and

a viewing lens fixedly disposed adjacent the microlens imaging component,

wherein a final virtual image of the display that is viewable by a viewer will be formed by the

viewing lens at a controllably variable distance, Z from the viewing lens relative to a

movable position of the microlens imaging component, where Z is the accommodation

distance of the viewer's eye.

17. The near-eye display system of claim 16, wherein the viewing lens is a positive lens system

comprising at least a piece of positive lens including a Fresnel lens or a group of lenses to form a

positive lens group.

18 . The near-eye display system of claim 16, wherein the movement of microlens imaging

component along the z-axis is time modulated (z(t)) in the manner so that the corresponding final

virtual images from the viewing lens can form a 3D image viewable by the viewer.

19. A method for displaying an image, comprising:

providing a near-eye display system, comprising:

a near-eye display apparatus, further comprising:

a display screen component comprising a display screen

pixel array adapted to display a display screen image;

a microlens imaging component comprising an array of

microlenses corresponding to the display screen pixel array disposed

adjacent the display screen component such that the microlens

imaging component can form a virtual or a real image of the display

screen image; and

a controllable movement component coupled to at least one

of the imaging component and the display screen,



wherein the microlens imaging component and the display screen are

controllably movable relative to each other; and

a viewing lens fixedly disposed adjacent the microlens imaging

component, so as to form a final virtual image of the display at a controllably

variable distance, Z from the viewing lens; and

moving the microlens imaging component relative to the display

screen component to vary the distance, Z and thus controllably change the

accommodation distance of the viewer's eye.

20. The method of claim 19, further comprising:

time modulating the movement of microlens imaging component along the

optical, z, axis (z(t)) in the manner so that the corresponding final virtual images from

the viewing lens form a 3D image viewable by the viewer.

























A. CLASSIFICATION OF SUBJECT MATTER

H04N 13/04(2006.01)i

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
H04N 13/04; G02B 27/22; G06T 11/00; G02B 27/01; G09G 5/00

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
eKOMPASS(KIPO internal) & Keywords: 3D display, display screen pixel, microlens, virtual image, movement component

DOCUMENTS CONSIDERED TO BE RELEVANT

Category' Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

US 2014-0168783 Al (NVIDIA CORP . ) 19 June 2014 1-3 , 6-7 , 10, 13-17

See paragraphs [0006H0007] , [0068] , [0076] ; and f igure 5 . , 19

4-5 , 8-9 , 11-12 , 18

, 20

US 2013-0285885 Al (ANDREAS G. NOWATZYK e t a l . ) 3 1 Oct ober 2013 1-3 , 6-7 , 10, 13-17

See paragraphs [0006]- [0007] , [0028] , [0048]- [0050] ; and f i gure 5 . , 19

R 10-2008-0062912 A (LG DISPLAY CO. , LTD . ) 03 July 2008

See paragraph [0028] ; and f igure 2 .

US 2014-0340390 Al (NVIDIA CORP . ) 20 November 2014 1-20

See paragraphs [0005] , [0044] - [ 0048 ] ; c l aim V, and f i gure 2A.

US 2013-0021226 Al (JONATHAN ARNOLD BELL) 24 January 2013 1-20

See paragraphs [0043]- [0044] ; c l aims 23 , 3 0 ; and f i gure 12 .

I IFurther documents are listed in the continuation of Box C . See patent family annex.

* Special categories of cited documents: "T" later document published after the international filing date or priority
"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand

to be of particular relevance the principle or theory underlying the invention
"E" earlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be

filing date considered novel or cannot be considered to involve an inventive
"L" document which may throw doubts on priority claim(s) or which is step when the document is taken alone

cited to establish the publication date of another citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is

"O" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents,such combination
means being obvious to a person skilled in the art

"P" document published prior to the international filing date but later "&" document member of the same patent family
than the priority date claimed

Date of the actual completion of the international search Date of mailing of the international search report

26 May 2017 (26.05.2017) 05 June 2017 (05.06.2017)

Name and mailing address of the ISA/KR Authorized officer .

International Application Division

" Korean Intellectual Property Office KIM, Seong Woo ¾
» 189 Cheongsa-ro, Seo-gu, Daejeon, 35208, Republic of Korea

Facsimile No. +82-42-481-8578 Telephone No. +82-42-481-3348 ¾¾„ ·

Form PCT/ISA/210 (second sheet) (January 2015)



Information on patent family members PCT/US2017/019064

Patent document Publication Patent family Publication
cited in search report date member(s) date

US 2014-0168783 Al 19/06/2014 CN 103885582 A 25/06/2014
DE 102013114527 Al 26/06/2014
T W 201439590 A 16/10/2014
T W 1565971 B 11/01/2017

US 2013-0285885 Al 31/10/2013 CN 104246578 A 24/12/2014
CN 104246578 B 07/12/2016
EP 2841981 Al 04/03/2015
JP 2015-521298 A 27/07/2015
KR 10-2015-0003760 A 09/01/2015
WO 2013-162977 Al 31/10/2013

K 10-2008-0062912 A 03/07/2008 KR 10-1272015 Bl 05/06/2013

US 2014-0340390 Al 20/11/2014 US 9519144 B2 13/12/2016

US 2013-0021226 Al 24/01/2013 wo 2013-013230 A2 24/01/2013
wo 2013-013230 A3 18/04/2013

Form PCT/ISA/2 10 (patent family annex) (January 20 15)


	abstract
	description
	claims
	drawings
	wo-search-report

