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Figure 1: (a) Concept of enabling a wide field of view, near-eye, see-through display using Transmissive Mirror Device. (b) Use
case for our HMD. The HMD consists of a LCD, amicro-lens array, and a TMDwithmicro-mirror array. (c) The image obtained
with the aerial light field image and the background object image. (d) Structure of our proposed HMD.

ABSTRACT
In this study, we propose a novel head-mounted display (HMD) de-
sign for near-eye light field display which achieves a see-through
and wide field of view for augmented reality. In the past years,
many optical elements such as half-mirror, beamsplitter, andwaveg-
uide were employed for an optical see-through display. We use a
transmissive mirror device (TMD) instead of conventional optical
elements. A TMD consists of numerous micro-mirrors and is usu-
ally used for real imaging system in the mid-air. We introduce a
new method for the TMD plate in order to extend the previous
near-eye display to the see-through display. We achieve a wide
field of view and comfortable viewing by creating a point light
source with a micro-lens array. Our configuration is very simple
and consists of a LCD for the image source, a micro-lens array to
provide the light field, and a TMD plate to provide the aerial image
in front of the eye. We construct a prototype see-through display
including a fabricated HMD. We verify the design of our proto-
type using simulations and experiments, and further discuss the
challenges in building a novel near-eye, see-through display.
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1 INTRODUCTION
Near-eye, see-through displays for augmented and mixed reality
have been recently proposed for various uses to the general public.
In the commercial field, Microsoft Hololens and Meta are available
to end users. In such a use case, an immersive experience is de-
sired. However, there is still room for research on optical elements
and presentation methods for visual information because the field
of view is still narrow. In addition to a high immersive experience,
we also have to consider distorting scenery and decreasing scenery
brightness. To solve such problem, many optical elements such as
transmissive LCD, half-mirrors, freeform optics, waveguides, and
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holographic optical elements have been used for an optical see-
through display. These optical elements have limitations of view-
ing angle, distortion and brightness, and hence, perfect optical el-
ements are not realized. Thus, it is necessary to explore near-eye
optical elements further.

Several papers have reported that the light field display has con-
siderable advantages for a near-eye display [Lanman and Luebke
2013]. For example, the light field display reproduces a correct ray
of light and solves the accommodation convergence conflict. A see-
through light field display has also been proposed [Maimone and
Fuchs 2013] by other papers.

In this study, we introduce a novel method to present the light
field directly in front of the eye by using a transmissive mirror
device (TMD) plate that consists of micro-mirror array.

Our primary technical contributions are:
• We introduce a TMD plate, which is usually used for aerial
imaging for the near-eye, see-through display.

• We analyze the optical light ray in our configuration, con-
sisting of a micro-lens array and a TMD plate, by using com-
puter simulation.

• We present the possibility of usage of the aerial light field
image for near-eye display through experiments.

We explored the combination of a near-eye light field display
and a TMD plate. Although a TMD plate adapted for an eyepiece
was proposed [Ochiai et al. 2017], this is one of the first approaches
to use a TMD plate for the near-eye light field display.

2 RELATEDWORK
Our proposed method corresponds to the near-eye light field dis-
play and the aerial imaging using a TMD plate. We introduce some
research about the near-eye display that provides the light field im-
age. We also introduce the aerial imaging system and interactions
using TMD plate.

2.1 Light Field for Near-Eye Display
The integral imaging and the light field technology used for near-
eye display has an advantange that it reproduces the correct light
ray and solves the accommodation convergence conflict. Several
light field displays for near-eye display were proposed [Lanman
and Luebke 2013] [Huang et al. 2015]. Some researchers also aimed
to obtain a see-through capability. Hua and Javidi presented a re-
search that makes the light field with micro-lens array, free from
optical elements [Hua and Javidi 2014]. It achieved high brightness
like a real world scene, however, it had a very narrow field of view.
Maimone and Fuchs stacked Transmissive LCD panel [Maimone
and Fuchs 2013]. It could reproduce the light field, but had a low
spatial resolution. Pinlight Displays [Maimone et al. 2014] made
point light source and modulated it. Because of the modulation
mask, brightness of the real world scenery through the transmis-
sion glasses is decreased. Holographic for near-eye [Maimone et al.
2017] has a high potential that provides a correct light ray and high
resolution. Furthermore it could solve the accommodation conver-
gence conflict. However, it requires a high computational perfor-
mance. Recent varifocus displays were easily realized by deforma-
tion optics or movable optics without computational cost [Dunn
et al. 2017] [Akşit et al. 2017].
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Figure 2: (a) Structure of Micro Dihedral Corner Reflector
Array employed as a TMDplate. (b) The TMDplate transfers
the real image to the plane symmetric position.

2.2 Aerial Imaging System using TMD plate
TMD consists of numerous micro-mirrors and several structures
such as Micro Dihedral Corner Reflector Array (DCRA) [Maekawa
et al. 2006] [Yamane et al. 2015]. TMD plate is usually used for an
aerial imaging system and an aerial interaction. HaptoMime [Mon-
nai et al. 2014] present an aerial interaction system that allows
users to touch a floating virtual screen with hands-free tactile feed-
back. HaptoClone [Makino et al. 2016] propose an interactive sys-
tem that mutually copies adjacent 3D environments optically and
physically. However, there is still a scope for research on the TMD
plate for near-eye display. Ochiai et al introduce this TMD plate
for the near-eye display [Ochiai et al. 2017]. In our method, we
achieved optical see-through light field displaywithout the scenery
distortion using a TMD plate. Furthermore by using a micro-lens
array instead of the eyepiece lens, a natural image without distor-
tion is obtained.

3 PRINCIPLE
Before discussing the whole aspect of our method, we describe the
behavior of a TMD plate and the near-eye light field display with
a micro-lens array. The TMD plate transfers the real image to the
plane symmetric position so that we can place the light field di-
rectly in the aerial in front of the eye.

Transmissive Mirror Device plate. In this research, we employ
Micro DCRA as the TMD plate. DCRA consists of numerous micro-
mirrors placed perpendicular to the surface of the substrate. The
structure of DCRA is shown in Figure 2 (a). The light rays inci-
dent on the TMD plate are reflected by a micro-mirror and pass to
the opposite side. Although the principle of operation is based on
reflection by mirrors, the device is also transmissive and deflects
light. It creates a floating image shown in Figure 2 (b).

Near-eye Light Field DisplaywithMicro-lens Array. Near-eye light
field display with a micro-lens array was formulated by [Lanman
and Luebke 2013]. To create the light field image, we define plane
of focus in a virtual scene. The virtual camera represents each lens
as placed in a virtual scene. The virtual scene is rendered with an
off-axis projection and the process will repeat for the times equal
to the number of lenses. Each rendered element is displayed on the
LCD and each lens magnifies the LCD elements.
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Figure 3: (a), (b), (c) Optical ray tracing in computer simulation. (a) LCD and micro-lens array. (b) LCD and TMD plate. (c) LCD,
micro-lens array, and TMD plate. (d) Displayed image on the LCD.

Our Proposed Method. We transfer the light field image gener-
ated by the micro-lens array in front of the eye. Figure 2 (c) shows
our proposed principle. The light source emitted from the LCD is
converted to the light field image by themicro-lens array. The light
field image generated by the micro-lens array can be seen near the
eyes, however, it is not optical see-through. The TMD plate trans-
fers the light field image to the plane symmetric position. Thus, we
can observe aerial light field image with the real scenery.

4 SIMULATION
The combination of the micro-lens array and the TMD plate makes
complex light rays. In order to reveal the behavior of complex light
rays, we simulate optical ray tracing. Optical ray tracing in com-
puter simulation was performed using Zemax OpticStudio. In Fig-
ure 3, we present how the light ray behaves in the near-eye optical
system. In the LCD configuration, the image is blurred out of focus,
and hence, it cannot provide a near-eye image. In Figure 3 (a), LCD
and micro-lens array allow to use the image for near-eye, however,
it is not optical see-through. Figures 3 (b) and 3 (c) show optical
ray tracing with TMD plate. TMD structure with Micro DCRAwas
reproduced using CAD. Red, green, and yellow-green lines repro-
duce point light sources which are emitted from LCD. Blue lines
reproduce an optical ray which comes from the real world scenery.
LCD and TMD plate configuration provide the aerial image and
capability of optical see-through. However, it is not suitable for
near-eye image. The configuration used in our method consists of
a LCD, a micro-lens array and a TMD plate that enable optical see-
through with wide viewing angle.

5 IMPLEMENTATION
5.1 Prototype Head-Mounted Display
We build our prototype with a fabricated HMD as shown in Fig-
ure 1 (b). Our configuration consists of a: LCD for the image source,
a micro-lens array to provide the light field, a TMD plate to pro-
vide the aerial image in front of the eye. We employ Sony Xperia
XZ Premium Dual G8142 as LCD. The display size is 121cm×68cm,
the pixel resolution is 3840 × 2160pixel , and the ppi is 801. How-
ever, as we use only a quarter of the LCD, we can convert it to a
smaller one. In the micro-lens array, the lens pitch is 1.98mm and
focal length is 10.0mm. The distance from LCD to micro-lens array
is de = 0.5mm. We select Micro Dihedral Corner Reflector Array

as the TMD plate. The mirrors are alternately arranged at an inter-
val of 0.3mm. The inclination of the installed TMD plate is θ = 45◦.
The frame of HMDwas 3D printed byMakerbot Replicator+ 1. The
weight of our HMD is 450д.

5.2 Rendering Software
In order to create the image display on the LCD, we place a virtual
camera representing each lens of themicro-lens array in the virtual
scene. The virtual camera uses an off-axis projection frustum. We
implement this process using the software by Unity. An example of
the image displayed on the LCD is shown in Figure 3 (d). A photo
of a prototype display using a camera is shown in Figure 1 (c).

6 EXPERIMENTS
We evaluated a retinal blur of the light field image. We placed a
Stanford bunny behind our HMD and rendered an Utah teapot
on our HMD. The distance of the Stanford bunny from the Utah
teapot was 20cm. We changed the focal length of the camera from
50cm to 70cm. Figure 4 (a) shows a photo focused on an aerial light
field image of an Utah teapot. Figure 4 (b) shows a photo focused
on a background image of a Stanford bunny. The retinal blur was
achieved by an aerial light field image.

We also evaluated the extent of the distortion of the light field
image transferred in the aerial by the TMD plate distances. Fig-
ure 5 shows the results when the transferred light field image and
the camera distances were 25cm, 30cm, 35cm, 40cm, respectively.
The results show that the light field image in the aerial is not dis-
torted by distance. Then, wemoved the camera back and forth, and
captured aerial images near the focal length (Figure 6). Focal length
of a camera is f = 100mm, ISO sensitivity was 1000.

7 DISCUSSION
In this section, we describe the advantages and limitations of our
HMD. Our limitations depend on the TMD plate and can be solved
by replacing other TMD structures.

Aerial Image without Distortion. Our HMD with micro-lens ar-
ray and TMD plate does not cause any distortion. Half-mirror see-
through display is known to cause a distorted image from the scenery.
It is also known that the eyepiece lens distorts a light source, and
hence, an optical solution or a software solution is required. Our
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Figure 4: (a) A photo focused on the aerial light field image.
(b) A photo focused on the background object.

A：25cm B：30cm

D：40cmC：35cm

Figure 5: The aerial image distortion by distance from the
TMD plate.
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Figure 6: Optical setup. (a)d = f +1cm. (b)d = f . (c)d = f −1cm.
(d) d = f − 2cm.

HMD employs amicro-lens array and a TMDplate so that a correct
image is generated without any optical solution.

See-through Capability. As shown by the simulation result of
the Figure 3 (d), a TMD plate with Micro DCRA reduces brightness
from the scenery. There is a possibility that this issue can be solved
by adopting a different structure of the TMD plate.

An Undesired Image by double reflection. The TMD plate causes
double reflection images to appear diagonally (Figure 1 (c)). This
is undesirable because it shows an unintended image to the user.

To cope this problem, we have to consider to cut unnecessary light
path.

8 CONCLUSION
In this paper, we introduce a novel HMD design for a near-eye, see-
through display for augmented reality.We use a TMD plate instead
of conventional optical elements. We were able to provide the light
field image directly in front of the eye by combining the light field
display and the TMD plate. Our proposed HMD provides correct
light ray and reproduces retinal blur. Additionally, our proposed
HMD does not cause the scenery and the aerial image distortion.
We believe that this is an advantage over other optical HMDs.
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