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(57) ABSTRACT

A head-mounted display apparatus includes an image display
device, a wearing device with which the image display device
is worn on a head of an observer, and an attachment member
with which the image display device is attached to the wear-
ing device. The attachment member is capable of adjusting a
position of the image display device relative to the wearing
device independently in a first direction and in a second
direction, the first direction being defined by a virtual line
connecting centers of eyes of the observer, the second direc-
tion being perpendicular to the first direction and extending
vertically with respect to the observer.

SECOND
2 DIRECTION

FIRST
DIRECTION



Patent Application Publication  Mar. 21, 2013 Sheet 1 of 16 US 2013/0069850 A1

SECOND
DIRECTION

FIRST
DIRECTION

FIG. 1



Patent Application Publication  Mar. 21, 2013 Sheet 2 of 16 US 2013/0069850 A1

SECOND
DIRECTION

120

FIRST
DIRECTION

FIG. 2



Patent Application Publication = Mar. 21, 2013 Sheet 3 of 16 US 2013/0069850 A1

FIG. 3

31

SECOND
DIRECTION

g FIRST

30 DIRECTION



Patent Application Publication  Mar. 21, 2013 Sheet 4 of 16 US 2013/0069850 A1

FIG. 4
30

\‘

32D

31\‘

AT T~ 37

39

34 38



US 2013/0069850 A1

Mar. 21, 2013 Sheet S of 16

Patent Application Publication

NOILOTNId
19414
NOILO3NIC
o aNOJ3s
W 0 \ Q% \ge
6¢




Patent Application Publication  Mar. 21, 2013 Sheet 6 of 16 US 2013/0069850 A1

FIRST
DIRECTION

SECOND
DIRECTION

J

32D




Patent Application Publication  Mar. 21, 2013 Sheet 7 of 16 US 2013/0069850 A1

FIG. 7 ELEVATION 32, 36

W//s

31, 35 DEPRESSION

FIG. 7B
3% / DEPRESSION
33

FIG. 7C

N\\\\X\\N




%

US 2013/0069850 A1

¢Sl

T
|
u
|
|
i
|
= |

S
.\(
[
=

/V

o
z
®
o
N
|
>

-»>
>

Mar. 21, 2013 Sheet 8 0of 16

\\:/1_“
‘\\‘<;_____ .
AN

, \

. .

.

.

“ .. .. 7
\ .« . <Lt

. . ..
J V w % A\ J
ecl ¥

) 0€} 1Z) ov

6 FTONV
NOILOFT143d TVIOL

8 Old

Patent Application Publication



US 2013/0069850 A1

Mar. 21, 2013 Sheet 9 of 16

Patent Application Publication

€12
Iy
002
0Lz M
| C U SN A
1 - ez M L Lo
Lo | A T4}
s — ) @ b S
~ A
A ; \
74! 0cl 12l o
9 I1ONY
NOILOF 143 WLOL
6 Old



US 2013/0069850 A1

Mar. 21, 2013 Sheet 10 of 16

Patent Application Publication

¢St |

/
JONIH
JONIHIJHTINI

dol Old

~

DN NN NN NSNS

)

0ce

/

JONIYS
JONTFHISHTLNI

77777

ore

(
JONIYA

JON3H3443LINI

VOl Old



US 2013/0069850 A1

Mar. 21, 2013 Sheet 11 of 16

~_ |

7T 77 77

(
w JONIYS
ove FONTUIRALN

BN N N NN NN

% 3

JONINA
JONTHIHTINI

Ll 'Ol

Patent Application Publication



US 2013/0069850 A1

Mar. 21, 2013 Sheet 12 of 16

Patent Application Publication

FIG. 12

520

921

L~ -113

110

41

FIG. 13

COLUMN DRIVER (PWM)

| [RRRIRRRION
| RPN
|, RO
|, [QIQIOIQIQIQIQrQIQ
| [RRRIRRRION
| [RRERIORRRRIS
| [RRIRRRRION
| [RIRIRIRIRRIRIO
| RPN
| [QIRIRIQIQIQIRIQIQ
d3AIA MOY

601



US 2013/0069850 A1

Mar. 21, 2013 Sheet 13 of 16

Patent Application Publication

119
NP E D E D E D E DR ]
LY N LY N N N LY N
4109
M
(i
mJ
T
< mw.
31v7d ONIQINS-LHOM OL mw.
mA
T
€09~ mJ
T
0 s 20 s 20 s 20 s 0 B )
9109~ > <8119

vl Old



US 2013/0069850 A1

Mar. 21, 2013 Sheet 14 of 16

Patent Application Publication

D091t dn VL dm Ve [ [ [

Ny N N N N SNV

o099 —E

‘I\lmu:@

uv09

w 4109

<

31V1d ONIAINO-LHOIT OL

€09 y—

£ /AN AN N /AN N
i 70 W 20 s 70 W 020 s 70 s W, = N

Ol N TN TN N N

b ) s 020 B 0 o 20 W 020 W 00,

g109" |

Gl Ol

N

av09 yl19

-89



US 2013/0069850 A1

Mar. 21, 2013 Sheet 15 0f 16

Patent Application Publication

<9119
D 7 N 7 0 N 7 N I
4109
| M
i
m —
'R
P09 m N
<= J
31V1d ONIAINS-LHOIT OL m -
ia
m o
'R
|\|\\
10 s 0 W W s 7 s 2 s 20
41091 <4119

91 'Old



Patent Application Publication = Mar. 21, 2013 Sheet 16 of 16 US 2013/0069850 A1

| _go3 TOLIGHT-GUIDING PLATE
1 604G
| Y/ — 602
"~ 601G




US 2013/0069850 Al

HEAD-MOUNTED DISPLAY APPARATUS

CROSS REFERENCES TO RELATED
APPLICATIONS

[0001] The present application is a continuation of U.S.
application Ser. No. 12/604,800, filed on Oct. 23, 2009, which
claims priority to Japanese Priority Patent Application JP
2008-272879 filed in the Japan Patent Office on Oct. 23,
2008, the entire content of which is hereby incorporated by
reference.

BACKGROUND

[0002] The present application relates to head-mounted
display apparatuses to be worn on heads of observers.
[0003] There are some virtual-image display devices (im-
age display devices) each enabling an observer to observe a
two-dimensional image formed by an image-forming device
in a form of a virtual image enlarged by a virtual-image
optical system, as disclosed in, for example, Japanese Unex-
amined Patent Application Publication No. 2006-162767.
[0004] FIG. 8 is a conceptual diagram of an exemplary
image display device 100. The image display device 100
includes an image-forming device 111 having a plurality of
pixels arranged in a two-dimensional matrix, a collimating
optical system 112 collimating light emitted from the pixels
of the image-forming device 111 into parallel light, and an
optical device (light-guiding means) 120 receiving the paral-
lel light from the collimating optical system 112, guiding the
light therethrough, and outputting the light. The image-form-
ing device 111 and the collimating optical system 112 con-
stitute an image generator 110. The optical device 120
includes a light-guiding plate 121 causing the received light
to propagate with total reflection thereinside before output-
ting the light, first deflecting means 130 (for example, a layer
of light-reflecting film) reflecting the light received by the
light-guiding plate 121 so that the light is totally reflected
inside the light-guiding plate 121, and second deflecting
means 140 (for example, a multilayer structure in which a
number of light-reflecting films are stacked) causing the light
that has propagated with total reflection inside the light-guid-
ing plate 121 to be output from the light-guiding plate 121.
[0005] There are other virtual-image display devices (im-
age display devices) each employing hologram diffraction
gratings so that an observer can observe a two-dimensional
image formed by an image-forming device in the form of a
virtual image enlarged by a virtual-image optical system, as
disclosed in, for example, Japanese Unexamined Patent
Application Publication No. 2007-94175.

[0006] FIG. 10A is a conceptual diagram of an exemplary
image display device 300. The image display device 300
basically includes the image-forming device 111 displaying
an image, the collimating optical system 112, and an optical
device (light-guiding means) 320 receiving light of the image
displayed on the image-forming device 111 and guiding the
light therethrough toward an eye 41 of an observer. The opti-
cal device 320 includes a light-guiding plate 321, and firstand
second diffraction grating members 330 and 340 provided on
the light-guiding plate 321. The diffraction grating members
330 and 340 are reflective volume-hologram diffraction grat-
ings. The collimating optical system 112 receives light emit-
ted from the pixels of the image-forming device 111, colli-
mates the light into parallel light, and outputs the parallel light
toward the light-guiding plate 321. The parallel light enters

Mar. 21, 2013

and is output from a first surface 322 of the light-guiding plate
321. The first and second diffraction grating members 330
and 340 are provided on a second surface 323 of the light-
guiding plate 321, the second surface 323 being parallel to the
first surface 322.

[0007] In a head-mounted display (HMD) apparatus in
which two image display devices are to be worn on the head
of an observer, it is important that the distance between the
two image display devices matches the distance between the
eyes of the observer. The distance between the centers of the
eyes varies between individuals, ranging from about 58 mm
to about 72 mm, within a difference of about 14 mm. Accord-
ingly, each of the two image display devices is desirably
movable by about 7 mm in a first direction, which is a direc-
tion defined by a virtual line connecting the centers of the eyes
of the observer. A direction perpendicular to the first direc-
tion, or a vertical direction with respect to the observer, is
defined as a second direction.

[0008] Examples of such a binocular head-mounted image
display apparatus including a mechanism configured to adjust
the distance between right and left image display devices are
disclosed in, for example, Japanese Unexamined Patent
Application Publications No. 8-136853 and No. 8-136858

SUMMARY

[0009] The mechanisms each configured to adjust the dis-
tance between right and left image display devices disclosed
in Japanese Unexamined Patent Application Publications No.
8-136853 and No. 8-136858 have complex configurations
and are therefore not practical in size and weight reduction.
Moreover, adjustment of the right and left image display
devices in the second direction is performed as adjustment of
the heights of the nose pads. It is difficult to simplify the
structures ofthe nose pads. Particularly, it is difficult to reduce
the number of components to be positioned in front of the
observer’s face.

[0010] It is desirable that the present invention provide a
head-mounted display apparatus including image display
devices each having a simple adjustment mechanism so that
the head-mounted display apparatus can be appropriately
worn by an observer.

[0011] According to an embodiment, a head-mounted dis-
play apparatus includes the following:

[0012] (A)an image display device;

[0013] (B)a wearing device with which the image display
device is worn on a head of an observer; and

[0014] (C) an attachment member with which the image
display device is attached to the wearing device.

[0015] The attachment member is capable of adjusting a
position of the image display device relative to the wearing
device independently in a first direction and in a second
direction, the first direction being defined by a virtual line
connecting centers of eyes of the observer, the second direc-
tion being perpendicular to the first direction and extending
vertically with respect to the observer.

[0016] The head-mounted display apparatus according to
an embodiment includes the attachment member with which
the image display device is attached to the wearing device.
The attachment member is capable of freely adjusting the
position of the image display device relative to the wearing
device independently in the first and second directions, or in
the vertical and horizontal directions relative to the eye of the
observer. Thus, the overall configuration of the head-mounted
display apparatus can be simplified, and the number of com-
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ponents to be positioned in front of the face of the observer
can be reduced easily. The apparatus is particularly suitable
for application as a head-mounted display apparatus includ-
ing an image display device whose pupil diameteris 10 mm or
smaller.

[0017] Additional features and advantages are described
herein, and will be apparent from the following Detailed
Description and the figures.

BRIEF DESCRIPTION OF THE FIGURES

[0018] FIG. 1 is a perspective view of a head-mounted
display apparatus according to a first exemplary embodiment;
[0019] FIG. 2 is a perspective view of the head-mounted
display apparatus of the first exemplary embodiment, with
some components removed;

[0020] FIG. 3 is a perspective view of an attachment mem-
ber, in an assembled state, included in the head-mounted
display apparatus of the first exemplary embodiment;

[0021] FIG. 4 is a side view of the attachment member, in
the assembled state, included in the head-mounted display
apparatus of the first exemplary embodiment;

[0022] FIG.5isanexploded perspective view of the attach-
ment member included in the head-mounted display appara-
tus of the first exemplary embodiment;

[0023] FIG. 6 is another exploded perspective view of the
attachment member included in the head-mounted display
apparatus of the first exemplary embodiment, seen in a dif-
ferent direction from FIG. 5;

[0024] FIG.7A is aschematic cross-sectional view ofa part
of'the attachment member, including a support member and a
retaining member having grooves, and FIGS. 7B and 7C are
schematic cross-sectional views of relevant parts including
the support member, the grooves, depressions, balls, guide
member, and the retaining member showing the arrangement
thereof;

[0025] FIG. 8is a conceptual diagram of an image display
device included in the head-mounted display apparatus of the
first exemplary embodiment;

[0026] FIG. 9is a conceptual diagram of an image display
device included in a head-mounted display apparatus accord-
ing to a second exemplary embodiment;

[0027] FIGS. 10A and 10B are a conceptual diagram of an
image display device included in a head-mounted display
apparatus according to a third exemplary embodiment, and a
schematic enlarged cross-sectional view showing a part of a
reflective volume-hologram diffraction grating;

[0028] FIG.11 is a conceptual diagram of an image display
device included in a head-mounted display apparatus accord-
ing to a fourth exemplary embodiment;

[0029] FIG.12 is aconceptual diagram of an image display
device included in a head-mounted display apparatus accord-
ing to a fifth exemplary embodiment;

[0030] FIG. 13 is a conceptual diagram of an image-form-
ing device suitable for use as a variation of each of image-
forming devices in the first, third, and fifth exemplary
embodiments;

[0031] FIG. 14 is a conceptual diagram of an image-form-
ing device suitable for use as another variation of each of the
image-forming devices in the first, third, and fifth exemplary
embodiments;

[0032] FIG. 15 is a conceptual diagram of an image-form-
ing device suitable for use as yet another variation of each of
the image-forming devices in the first, third, and fifth exem-
plary embodiments;
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[0033] FIG. 16 is a conceptual diagram of an image-form-
ing device suitable for use as yet another variation of each of
the image-forming devices in the first, third, and fifth exem-
plary embodiments; and

[0034] FIG. 17 is a conceptual diagram of an image-form-
ing device suitable for use as yet another variation of each of
the image-forming devices in the first, third, and fifth exem-
plary embodiments.

DETAILED DESCRIPTION

[0035] The present application will be described below
with reference to the accompanying drawings according to an
embodiment. The present application is not limited to the
embodiments described below. Descriptions will be given in
the following order:

[0036] 1.Head-mounted display apparatus according to an
embodiment.
[0037] 2. First exemplary embodiment (specific descrip-

tion of a head-mounted display apparatus according to a first
exemplary embodiment of the present invention including
image generators having a first configuration and optical
devices having a first configuration)

[0038] 3. Second exemplary embodiment (specific descrip-
tion of another head-mounted display apparatus, a variation
of the first exemplary embodiment, including image genera-
tors having a second configuration and optical devices having
the first configuration)

[0039] 4. Third exemplary embodiment (specific descrip-
tion of another head-mounted display apparatus, another
variation of the first exemplary embodiment, including image
generators having the first configuration and optical devices
having a second configuration)

[0040] 5. Fourth exemplary embodiment (specific descrip-
tion of another head-mounted display apparatus, another
variation of the first exemplary embodiment, including image
generators having the second configuration and optical
devices having the second configuration)

[0041] 6. Fifth exemplary embodiment (specific descrip-
tion of another head-mounted display apparatus, another
variation of the first exemplary embodiment, including opti-
cal devices having a third configuration)

[0042] Head-Mounted Display

[0043] In the head-mounted display (HMD) apparatus
according to an embodiment, it is preferred that the attach-
ment member include the following:

[0044] (C-1) first, second, and third balls;

[0045] (C-2)a support member having a first linear groove
including consecutive depressions, a second linear groove
parallel to the first groove and including consecutive depres-
sions, and a third linear groove parallel to the first groove and
including consecutive depressions;

[0046] (C-3) a retaining member having a fourth linear
groove orthogonal to the first groove and including consecu-
tive depressions, a fifth linear groove parallel to the fourth
groove and including consecutive depressions, and a sixth
linear groove parallel to the fourth groove and including
consecutive depressions; and

[0047] (C-4) an urging member urging the retaining mem-
ber against the support member.

[0048] In a state where the retaining member is urged
against the support member by the urging member, the first
ball fits into the first and fourth grooves, the second ball fits
into the second and fifth grooves, and the third ball fits into the
third and sixth grooves, with the first to third balls being
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positioned at respective apexes of a virtual triangle. The
image display device is attached to the support member. The
wearing device is attached to the retaining member.

[0049] The first to third grooves may extend in the first
direction, with the fourth to sixth grooves extending in the
second direction. Alternatively, the first to third grooves may
extend in the second direction, with the fourth to sixth
grooves extending in the first direction. Furthermore, the
virtual triangle may be of any shape, for example, an equilat-
eral triangle or an isosceles triangle. The first to sixth grooves
may be of any lengths larger than the range within which the
image display device is to be moved.

[0050] In this case, a guide member may be provided
between the support member and the retaining member, the
guide member having receiving portions that receive the first
to third balls, respectively, so as to position the first to third
balls at the apexes of the virtual triangle.

[0051] The first to third balls may be, for example, steel
balls for use as ball bearings. The support member, the retain-
ing member, the urging member, and the guide member may
be made of any of materials including plastics such as poly-
oxymethylene (POM) resin, acrylonitrile butadiene styrene
(ABS) resin, poly(phenylene sulfide) (PPS) resin, and poly-
carbonate (PC) resin, metals such as stainless steel, titanium,
aluminum, and brass, and alloys thereof, by appropriate
methods. The image display device and the wearing device
may be attached to the support member and the retaining
member, respectively, with screws or the like.

[0052] In the above preferred embodiment including the
above preferred configuration, the first and fourth grooves
may be spot-faced so that the first ball is received stably, the
second and fifth grooves may be spot-faced so that the second
ball is received stably, and the third and sixth grooves may be
spot-faced so that the third ball is received stably.

[0053] Inthehead-mounted display apparatus according to
the above preferred embodiment including the above pre-
ferred configuration, the image display device and the attach-
ment member may be provided for each of the right and left
eyes. Alternatively, the image display device and the attach-
ment member may be provided for one of the right and left
eyes.

[0054] Inthehead-mounted display apparatus according to
the above preferred embodiment including the above pre-
ferred configuration, the image display device may include
the following:

[0055] (A-1) an image generator; and

[0056] (A-2) an optical device (light-guiding means)
receiving light from the image generator, guiding the light,
and outputting the light toward a corresponding one of the
eyes of the observer.

[0057] The optical device may be attached to the image
generator, for example.

[0058] The optical device (light-guiding means) may
include the following:

[0059] (A-2-1) a light-guiding plate causing the received
light to propagate with total reflection thereinside before out-
putting the light;

[0060] (A-2-2)a first deflector deflecting the light received
by the light-guiding plate so that the light is totally reflected
inside the light-guiding plate; and

[0061] (A-2-3) a second deflector deflecting, a plurality of
times, the light caused to propagate with total reflection inside
the light-guiding plate so that the light is output from the
light-guiding plate.
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[0062] The term “total reflection” means internal total
reflection or total reflection inside the light-guiding plate.
This also applies to the description hereinafter.

[0063] In the optical device according to such an embodi-
ment, the first deflector may reflect the light received by the
light-guiding plate, and the second deflector may transmit and
reflect, a plurality of times, the light caused to propagate with
total reflection inside the light-guiding plate. For convenience
of description hereinafter, an optical device having such a
configuration will be referred to as an “optical device having
the first configuration”. In this case, the first deflector may
function as a reflective mirror, and the second deflector may
function as a transflective mirror.

[0064] In such a configuration, the first deflector may be
made of metal, inclusive of alloy, for example, and may be a
light-reflecting film (a kind of a mirror) that reflects the light
received by the light-guiding plate, or a diffraction grating
(for example, a hologram diffraction grating film) that dif-
fracts the light received by the light-guiding plate. The second
deflector may be any of the following: a multilayer structure
in which a number of dielectric films are stacked, a half
mirror, a polarization beam splitter, and a hologram diffrac-
tion grating film. The first and second deflectors are provided
inside (or incorporated in) the light-guiding plate. The first
deflector reflects or diffracts the parallel light received by the
light-guiding plate so that the parallel light is totally reflected
inside the light-guiding plate. The second deflector reflects or
diffracts, a plurality of times, the parallel light caused to
propagate with total reflection inside the light-guiding plate,
and outputs the light, maintaining the form of parallel light,
from the light-guiding plate.

[0065] In the optical device according to such an embodi-
ment, the first deflector may diffract the light received by the
light-guiding plate, and the second deflector may diffract, a
plurality of times, the light caused to propagate with total
reflection inside the light-guiding plate. For convenience of
description hereinafter, an optical device having such a con-
figuration will be referred to as an “optical device having the
second configuration”. In this case, the first and second
deflectors may include diffraction grating elements. The dif-
fraction grating elements may be reflective diffraction grating
elements or transmissive diffraction grating elements. As
another alternative, one of the diffraction grating elements
may be a reflective diffraction grating element and the other
may be a transmissive diffraction grating element. Examples
of'the reflective diffraction grating elements include reflective
volume-hologram diffraction gratings. For convenience of
description hereinafter, a first deflector constituted by a
reflective volume-hologram diffraction grating will be occa-
sionally referred to as a “first diffraction grating member”,
and a second deflector constituted by a reflective volume-
hologram diftraction grating will be occasionally referred to
as a “second diffraction grating member”.

[0066] Toaccommodate diffraction reflections of a number
P (specifically, P=3, corresponding to three colors of red,
green, and blue) of kinds of light having a number P of
different spectrum bands (or wavelengths), the first and sec-
ond diffraction grating members may each include a number
P of diffraction grating layers, as reflective volume-hologram
diffraction gratings, that are stacked one on top of another.
Each of the diffraction grating layers has a pattern of inter-
ference fringes corresponding to one of the spectrum bands
(or wavelengths). Alternatively, to accommodate diffraction
reflections of a number P ofkinds of light having a number P
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of different spectrum bands (or wavelengths), the first and
second diffraction grating members may each include a
single diffraction grating layer having a number P of kinds of
interference-fringe patterns. In another alternative case, the
first and second diffraction grating members may each
include a stack of diffraction grating layers provided in cor-
respondence with, for example, three equally divided angles
of'view. With any of such configurations, light of the different
spectrum bands (or wavelengths) can be diffracted and
reflected by the first and second diffraction grating members
with an increased diffraction efficiency, a widened diffraction
acceptance angle, and an optimized diffraction angle.

[0067] Examples of materials composing the first and sec-
ond diffraction grating members include photopolymer mate-
rials. The materials and basic configurations of the first and
second diffraction grating members, as reflective volume-
hologram diffraction gratings, may be the same as those of
related-art reflective volume-hologram diffraction gratings.
Herein, a reflective volume-hologram diffraction grating
means a hologram diffraction grating that diffracts and
reflects light so as to only produce +1st-order diffracted light.
The foregoing diffraction grating members each have inter-
ference fringes extending thereinside, from one surface
thereof to the other. The interference fringes may be formed
by arelated-art method. Specifically, the interference fringes
may be formed as follows. Object light is applied, in a first
direction, to one side of a member (for example, a photopoly-
mer material) that is to become the diffraction grating mem-
ber. At the same time, reference light is applied to the other
side of the member in a second direction. The object light and
the reference light produce interference fringes. These inter-
ference fringes are recorded inside the member. By appropri-
ately setting the first and second directions and the wave-
lengths of the object light and the reference light, the
interference fringes can be formed at a desired pitch on the
surface of the diffraction grating member and at a desired
slant angle. Herein, the slant angle of interference fringes
means an angle formed between the surface of the diffraction
grating member (or the diffraction grating layer) and each of
the interference fringes. In a case where the first and second
diffraction grating members each have a multilayer structure
including a number P of diffraction grating layers as reflective
volume-hologram diffraction gratings, a stack of the diffrac-
tion grating layers may be obtained by making the number P
of diffraction grating layers separately and subsequently
stacking (bonding) the diffraction grating layers with ultra-
violet-curable adhesive or the like provided therebetween.
Alternatively, the number P of diffraction grating layers may
be obtained by preparing a diffraction grating layer made of a
cohesive photopolymer material, and then sequentially pro-
viding other layers of cohesive photopolymer material
thereon.

[0068] Inthehead-mounted display apparatus according to
an embodiment, the optical device may alternatively include
a transflective mirror receiving the light from the image gen-
erator and outputting the light toward the eye of the observer.
For convenience of description hereinafter, an optical device
having such a configuration will be referred to as an “optical
device having the third configuration”. Light emitted from the
image generator may propagate either in the air or inside a
transparent member such as a glass plate or a plastic plate
(specifically, a member made of the same material as of the
light-guiding plate described below) before entering the
transflective mirror. Depending on circumstances, the trans-
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flective mirror may be attached to the image generator with
either the transparent member or another different member
interposed therebetween.

[0069] Inthe head-mounted display apparatus according to
an above preferred embodiment including the above pre-
ferred configuration, the image generator may include the
following:

[0070] (A-1-1)animage-forming device having a plurality
of pixels arranged in a two-dimensional matrix; and

[0071] (A-1-2) a collimating optical system collimating
light from the pixels of the image-forming device into parallel
light and outputting the parallel light.

[0072] For convenience of description hereinafter, an
image generator having such a configuration will be referred
to as an “image generator having the first configuration”.
[0073] The image-forming device included in the image
generator having the first configuration may be any of the
following: an image-forming device including a reflective
spatial-light modulator and a light source, an image-forming
device including a transmissive spatial-light modulator and a
light source, and an image-forming device including light-
emitting elements such as organic electroluminescent (EL)
elements, inorganic EL elements, light-emitting diodes
(LEDs), or the like. In particular, the image-forming device
including a reflective spatial-light modulator and a light
source is preferable. Examples of the spatial-light modulator
include a light valve such as a transmissive or reflective liquid
crystal display device such as a liquid-crystal-on-silicon
(LCOS) device, and a digital micromirror device (DMD).
Examples ofthe light source include a light-emitting element.
The reflective spatial-light modulator may include a liquid
crystal display device and a polarization beam splitter that
reflects part of light from the light source and guides the part
oflight to the liquid crystal display device while allowing part
of light reflected by the liquid crystal display device to pass
therethrough and guiding the part of light to the collimating
optical system. Examples of the light-emitting element con-
stituting the light source include a red-light-emitting element,
a green-light-emitting element, a blue-light-emitting ele-
ment, and a white-light-emitting element. Such light-emit-
ting elements may be, for example, semiconductor light-
emitting elements such as semiconductor laser elements or
LEDs. The number of pixels may be determined in accor-
dance with desired specifications of the head-mounted dis-
play apparatus. For example, the number of pixels may be
320240, 432x240, 640x480, 1024x768, or 1920x1080.
[0074] Inthe head-mounted display apparatus according to
the above preferred embodiment including the above pre-
ferred configuration, the image generator may include the
following:

[0075] (A-1-1) a light source;

[0076] (A-1-2) a collimating optical system collimating
light from the light source into parallel light;

[0077] (A-1-3) a scanner scanningly moving the parallel
light from the collimating optical system; and

[0078] (A-1-4) a relay optical system relaying and output-
ting the parallel light scanningly moved by the scanner.
[0079] For convenience of description hereinafter, an
image generator having such a configuration will be referred
to as an “image generator having the second configuration”.
[0080] Examples of the light source included in the image
generator having the second configuration include a light-
emitting element, such as a red-light-emitting element, a
green-light-emitting element, a blue-light-emitting element,



US 2013/0069850 Al

and a white-light-emitting element. Such light-emitting ele-
ments may be, for example, semiconductor light-emitting
elements such as semiconductor laser elements or LEDs. The
number of pixels (virtual pixels) included in the image gen-
erator having the second configuration may also be deter-
mined in accordance with desired specifications of the head-
mounted display apparatus. For example, the number of
pixels (virtual pixels) may be 320x240, 432x240, 640x480,
1024x768, or 1920x1080. In a case where the light source
includes red-, green-, and blue-light-emitting elements, it is
preferred that the colors of the light be combined by using, for
example, a cross prism. Examples of the scanner include a
microelectromechanical system (MEMS) including a micro-
mirror rotatable in two-dimensional directions, and a galva-
nometer mirror. The MEMS and the galvanometer mirror
scanningly move the light from the light source in the hori-
zontal and vertical directions. The relay optical system may
be configured as in the related art.

[0081] Anexample ofthe image-forming device orthe light
source constituted by a light-emitting element and a light
valve is a combination of a backlight that emits white light on
the whole and a liquid crystal display device having red-,
green-, and blue-light-emitting elements. Other exemplary
configurations will now be described below.

[0082] Image-Forming Device A
[0083] Animage-forming device A includes the following:
[0084] () a firstimage-forming unit including a first light-

emitting panel on which first light-emitting elements that
emit blue light are arranged in a two-dimensional matrix;
[0085] (P) a second image-forming unit including a second
light-emitting panel on which second light-emitting elements
that emit green light are arranged in a two-dimensional
matrix;

[0086] (y) a third image-forming unit including a third
light-emitting panel on which third light-emitting elements
that emit red light are arranged in a two-dimensional matrix;
and

[0087] (O) means (a dichroic prism, for example; the same
applies to other image-forming devices described below) for
combining the light emitted from the first, second, and third
image-forming units into a single ray of light.

[0088] The image-forming device A controls the first to
third light-emitting elements to individually switch between
emitting and non-emitting states.

[0089] Image-Forming Device B
[0090] Animage-forming device B includes the following:
[0091] () a firstimage-forming unit including a first light-

emitting element that emits blue light and a first light-passage
control device (a kind of a light valve such as a liquid crystal
display device, a DMD, or an LCOS; the same applies to the
description hereinafter) that controls the light emitted from
the first light-emitting element to pass therethrough or to be
blocked thereby;

[0092] (P) asecond image-forming unit including a second
light-emitting element that emits green light and a second
light-passage control device (a light valve) that controls the
light emitted from the second light-emitting element to pass
therethrough or to be blocked thereby;

[0093] (y) a third image-forming unit including a third
light-emitting element that emits red light and a third light-
passage control device (a light valve) that controls the light
emitted from the third light-emitting element to pass there-
through or to be blocked thereby; and
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[0094] (O) means for combining the light that has passed
through the first to third light-passage control devices into a
single ray of light.

[0095] The image forming device B displays an image by
controlling with the light-passage control devices the pas-
sage/blockage of the light emitted from the respective light-
emitting elements. Examples of means (light-guiding mem-
bers) for guiding the light emitted from the first to third
light-emitting elements to the respective light-passage con-
trol devices include microlens arrays, mirrors, reflective
plates, and condenser lenses.

[0096] Image-Forming Device C
[0097] Animage-forming device C includes the following:
[0098] () a firstimage-forming unit including a first light-

emitting panel on which first light-emitting elements that
emit blue light are arranged in a two-dimensional matrix, and
a blue-light-passage control device (a light valve) that con-
trols the light emitted from the first light-emitting panel to
pass therethrough or to be blocked thereby;

[0099] (P) a second image-forming unit including a second
light-emitting panel on which second light-emitting elements
that emit green light are arranged in a two-dimensional
matrix, and a green-light-passage control device (a light
valve) that controls the light emitted from the second light-
emitting panel to pass therethrough or to be blocked thereby;
[0100] (y) a third image-forming unit including a third
light-emitting panel on which third light-emitting elements
that emit red light are arranged in a two-dimensional matrix,
and a red-light-passage control device (a light valve) that
controls the light emitted from the third light-emitting panel
to pass therethrough or to be blocked thereby; and

[0101] (O) means for combining the light that has passed
through the blue-, green-, and red-light-passage control
devices into a single ray of light.

[0102] The image-forming device C displays an image by
controlling with the light-passage control devices (light
valves) the passage/blockage of the light emitted from the
respective light-emitting panels.

[0103] Image-Forming Device D

[0104] An image forming device D is a field-sequential
color image-forming device and includes the following:
[0105] () a first image-forming unit having a first light-
emitting element that emits blue light;

[0106] (P) a second image-forming unit having a second
light-emitting element that emits green light;

[0107] (y) a third image-forming unit having a third light-
emitting element that emits red light;

[0108] (O) means for combining the light emitted from the
first to third image-forming units into a single ray oflight; and
[0109] (€)alight-passage control device (a light valve) that
controls the light emitted from the means for combining the
light to pass therethrough or to be blocked thereby.

[0110] The image-forming device D displays an image by
controlling with the light-passage control device the passage/
blockage of the light emitted from the light-emitting ele-
ments.

[0111] Image-Forming Device E

[0112] Animage forming device E is also a field-sequential
color image-forming device and includes the following:
[0113] () a firstimage-forming unit including a first light-
emitting panel on which first light-emitting elements that
emit blue light are arranged in a two-dimensional matrix;
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[0114] (pP) a second image-forming unit including a second
light-emitting panel on which second light-emitting elements
that emit green light are arranged in a two-dimensional
matrix;

[0115] (y) a third image-forming unit including a third
light-emitting panel on which third light-emitting elements
that emit red light are arranged in a two-dimensional matrix;
[0116] (O) means for combining the light emitted from the
first to third image forming units into a single ray of light; and
[0117] (€)alight-passage control device (a light valve) that
controls the light emitted from the means for combining the
light to pass therethrough or to be blocked thereby.

[0118] The image forming device E displays an image by
controlling with the light-passage control device the passage/
blockage of the light emitted from the first to third light-
emitting panels.

[0119] Image-Forming Device F

[0120] An image forming device F is a passive-matrix or
active-matrix color image-forming device, and displays an
image by controlling first, second and third light-emitting
elements to individually switch between emitting and non-
emitting states.

[0121] Image-Forming Device G

[0122] An image forming device G is a field-sequential
colorimage-forming device and includes a light-passage con-
trol device (a light valve) that controls light emitted from
light-emitting-element units arranged in a two-dimensional
matrix to pass therethrough or to be blocked thereby. The
image forming device G displays an image by controlling, in
a time-shared manner, first, second, and third light-emitting
elements included in the light-emitting-element units to indi-
vidually switch between emitting and non-emitting states,
and by controlling with the light-passage control device the
passage/blockage of the light emitted from the first to third
light-emitting elements.

[0123] In each of the image generators having the first and
second configurations, light is collimated by the collimating
optical system into a plurality of parallel rays, and the parallel
rays are caused to enter the light-guiding plate. The reason for
producing parallel rays is because optical wavefront informa-
tion obtained when the light enters the light-guiding plate is to
be maintained in the same form even after the light strikes the
first and second deflectors and is output from the light-guid-
ing plate. To produce a plurality of parallel rays, the image-
forming device may be positioned at a distance from the
collimating optical system corresponding to the focal length
of'the collimating optical system, for example. The collimat-
ing optical system has a function of converting positional
information on pixels into angular information in the optical
system of the optical device. The collimating optical system
may be any of or any combination of a convex lens, a concave
lens, a free-form-surface prism, and a hologram lens as long
as the collimating optical system can have a positive optical
power on the whole.

[0124] The light-guiding plate has two parallel surfaces (a
first surface and a second surface) extending in the axial
direction (Y direction) thereof. The surface of the light-guid-
ing plate from which light enters is defined as the plane of
incidence, and the surface of the light-guiding plate from
which light emerges is defined as the plane of emergence. The
first surface may serve as both the plane of incidence and the
plane of emergence. Alternatively, the first surface and the
second surface may serve as the plane of incidence and the
plane of emergence, respectively. Examples of the material
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composing the light-guiding plate include glasses such as
quartz glass and optical glasses including BK7, and plastic
materials such as poly(methylmethacrylate) (PMMA), poly-
carbonate resin, acrylic resin, noncrystalline polypropylenic
resin, stylenic resin including acrylonitrile-styrene (AS)
resin. The light-guiding plate is not limited to a flat plate, and
may be a curved plate.

[0125] Inthe head-mounted display apparatus according to
the above preferred embodiment including the above pre-
ferred configuration, the wearing device may form a frame of
a pair of glasses. In addition, the frame may include a front
member to be positioned in front of the observer, and two
temples turnably attached to respective ends of the front
member with hinges, the attachment member being attached
to each of the ends of the front member. The front member is
provided with a nose pad at the center thereof. That is, the
frame of the above embodiment has substantially the same
configuration as a pair of normal glasses, except that the
frame includes no rims. The frame may be made of any of or
any combination of materials such as metal, alloy, and plastic,
which are used for making normal glasses.

First Exemplary Embodiment

[0126] A first exemplary embodiment relates to the head-
mounted display apparatus according to an embodiment.
FIGS. 1 and 2 are perspective views of a head-mounted dis-
play apparatus according to the first exemplary embodiment.
FIG. 3 is a perspective view of an attachment member in an
assembled state. FIG. 4 is a side view of the attachment
member in the assembled state. FIG. 5 is an exploded per-
spective view of the attachment member. FIG. 6 is another
exploded perspective view of the attachment member seen in
a different direction from FIG. 5.

[0127] The head-mounted display of the first exemplary
embodiment includes the following:

[0128] (A) image display devices 100;

[0129] (B) a wearing device 20 with which the image dis-
play devices 100 are worn on the head of an observer; and
[0130] (C) attachment members 30 with which the image
display devices 100 are attached to the wearing device 20.
[0131] The attachment members 30 are each capable of
adjusting the position of a corresponding one of the image
display devices 100 relative to the wearing device 20 inde-
pendently in a first direction and in a second direction. The
first direction is defined by a virtual line connecting the cen-
ters of the eyes of the observer. The second direction is per-
pendicular to the first direction and extends in the vertical
direction with respect to the observer. The head-mounted
display apparatus of the first exemplary embodiment includes
two image display devices 100 and two attachment members
30 for the right and left eyes. FIG. 1 shows a state where the
image display devices 100 are covered with covers 113. FIG.
2 shows a state where the image display devices 100 are
exposed without the covers 113 and lens shields 22 that pro-
tect light-guiding plates 121, which will be described sepa-
rately below.

[0132] Specifically, the attachment members 30 each
include the following:

[0133] (C-1) first, second, and third balls 33A, 33B, and
33C;

[0134] (C-2) a support member 31;

[0135] (C-3) aretaining member 35; and

[0136] (C-4) urging members 37, 38, and 39 urging the

retaining member 35 against the support member 31.
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[0137] The support member 31 has in a surface thereof
facing the retaining member 35 a first linear groove 32A
including consecutive depressions, a second linear groove
32B parallel to the first groove 32 A and including consecutive
depressions, and a third linear groove 32C parallel to the first
groove 32A and including consecutive depressions. The
retaining member 35 has in a surface thereof facing the sup-
port member 31 a fourth linear groove 36 A orthogonal to the
first groove 32A and including consecutive depressions, a
fifth linear groove 36B parallel to the fourth groove 36 A and
including consecutive depressions, and a sixth linear groove
36C parallel to the fourth groove 36A and including consecu-
tive depressions. In the first exemplary embodiment, the first
to third grooves 32A to 32C extend in the second direction,
and the fourth to sixth grooves 36A to 36C extend in the first
direction. Alternatively, the first to third grooves 32A to 32C
may extend in the first direction, with the fourth to sixth
grooves 36A to 36C extending in the second direction. The
urging members include an urging plate 37, urging springs
38, and urging screws 39. The support member 31 has on the
surface thereof facing the retaining member 35 three bosses
32D. The urging screws 39 are screwed into the bosses 32D,
respectively.

[0138] In a state where the retaining member 35 is urged
against the support member 31 by the urging members, the
first ball 33A fits into the first and fourth grooves 32A and
36A, the second ball 33B fits into the second and fitth grooves
32B and 36B, and the third ball 33C fits into the third and sixth
grooves 32C and 36C. In this state, the first to third balls 33A
to 33C are positioned at the respective apexes of a virtual
triangle (specifically in the first exemplary embodiment, an
isosceles triangle).

[0139] The image display devices 100 are attached to the
respective support members 31 (specifically, to respective
securing members 25 provided on the wearing device 20)
with screws (not shown), and the wearing device 20 is
attached to the retaining members 35 with screws (not
shown).

[0140] To position the first to third balls 33 A to 33C at the
apexes of the virtual triangle, a guide member 34 is provided
between the support member 31 and the retaining member 35.
The guide member 34 has receiving portions (a kind of
through holes) that receive the first to third balls 33A to 33C,
respectively. The guide member 34 restricts the movements
of the balls 33A to 33C. FIG. 7B is a schematic cross-sec-
tional view of relevant parts including the support member
31, the grooves 32, the depressions, the balls 33, the guide
member 34, and the retaining member 35, showing the
arrangement thereof.

[0141] The first and fourth grooves 32A and 36A are spot-
faced so that the first ball 33 A is received stably. The second
and fifth grooves 32B and 36B are spot-faced so that the
second ball 33B is received stably. The third and sixth grooves
32C and 36C are spot-faced so that the third ball 33C is
received stably. Specifically, the grooves 32 each include
consecutive depressions with elevations interposed therebe-
tween, the depressions each receiving about %5 of a corre-
sponding one of the first to third balls 33A to 33C. FIG. 7A is
a schematic cross-sectional view of relevant parts including
the support member 31 and the retaining member 35 having
the grooves 32 and 36.

[0142] In the state where the retaining member 35 is urged
against the support member 31 by the urging members, the
first ball 33A fits into the first and fourth grooves 32A and
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36A, with about %5 of the first ball 33A on one side being
inside one of the depressions of the first groove 32A and about
V4 of the first ball 33 A on the other side being inside one ofthe
depressions ofthe fourth groove 36 A; the second ball 33B fits
into the second and fifth grooves 32B and 36B, with about %3
of the second ball 33B on one side being inside one of the
depressions of the second groove 32B and about %4 of the
second ball 33B on the other side being inside one of the
depressions of the fifth groove 36B; and the third ball 33C fits
into the third and sixth grooves 32C and 36C, with about %5 of
the third ball 33C on one side being inside one of the depres-
sions of the third groove 32C and about % of the third ball
33C on the other side being inside one of the depressions of
the sixth groove 36C.

[0143] In the state where the retaining member 35 is not
urged against the support member 31, the first ball 33A is
movable from one of the depressions of the first groove 32A
to another adjacent thereto over the elevation therebetween,
and from one of the depressions of the fourth groove 36A to
another adjacent thereto over the elevation therebetween; the
second ball 33B is movable from one of the depressions of the
second groove 32B to another adjacent thereto over the eleva-
tion therebetween, and from one of the depressions of the fifth
groove 36B to another adjacent thereto over the elevation
therebetween; and the third ball 33C is movable from one of
the depressions of the third groove 32C to another adjacent
thereto over the elevation therebetween, and from one of the
depressions of the sixth groove 36C to another adjacent
thereto over the elevation therebetween.

[0144] The first to third balls 33A to 33C are steel balls for
use as ball bearings. The support member 31, the retaining
member 35, the urging plate 37, and the guide member 34 are
made of aluminum, POM, aluminum, and ABS, respectively.
[0145] The wearing device 20 forms a frame of a pair of
glasses. The wearing device (frame) 20 includes a front mem-
ber 21 to be positioned in front of the observer and two
temples 23 turnably attached to respective ends of the front
member 21 with hinges (not shown). The attachment mem-
bers 30 are attached to the respective ends of the front member
21 (specifically, to the respective securing members 25 pro-
vided on the wearing device 20). The front member 21 is
provided with a nose pad (not shown) at the center thereof.
That is, the wearing device (frame) 20 has substantially the
same configuration as a pair of normal glasses, except that the
wearing device (frame) 20 includes no rims. The frame is
made of any of or any combination of materials such as metal,
alloy, and plastic, which are also used for making normal
glasses. The wearing device 20 is also provided with head-
phones 24.

[0146] When the wearing device 20 is worn on the head of
an observer, the distance (in the first direction) between the
right and left image display devices 100 and the vertical
positions (in the second direction) of the right and left image
display devices 100 relative to the respective eyes of the
observer are adjusted. This adjustment is done by loosening
the urging screws 39, so that the retaining members 35 are
released from the urging force against the support members
31. In this state, the support member 31 is moved in the first
direction relative to the retaining member 35. Then, referring
to FIG. 7C, the first to third balls 33 A to 33C each move from
one depression in the corresponding one of the fourth to sixth
grooves 36A to 36C to another adjacent thereto over the
elevation therebetween. Thus, the distance (in the first direc-
tion) between the right and left image display devices 100 can
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be adjusted. Furthermore, the support member 31 is moved in
the second direction relative to the retaining member 35.
Then, the first to third balls 33A to 33C each move from one
depression in the corresponding one of the first to third
grooves 32A to 32C to another adjacent thereto over the
elevation therebetween. Thus, the vertical positions (in the
second direction) of the right and left image display devices
100 relative to the respective eyes of the observer can be
adjusted. Subsequently, the urging screws 39 are fastened, so
that the retaining member 35 is urged against the support
member 31. Thus, play between the retaining member 35 and
the support member 31 is eliminated.

[0147] As described above, the head-mounted display
apparatus of the first exemplary embodiment includes the
attachment members 30 with which the image display devices
100 are attached to the wearing device 20. The attachment
members 30 are each capable of adjusting the position of the
corresponding image display device 100 relative to the wear-
ing device 20 independently in the first and second directions.
Thus, the overall configuration of the head-mounted display
apparatus can be simplified, making it easier to realize a
design with a reduced number of components to be positioned
in front of the observer’s face. Furthermore, the overall size
and weight of the head-mounted display apparatus can be
reduced.

[0148] FIG. 8 is a conceptual diagram of one of the image
display devices 100 included in the head-mounted display
apparatus of the first exemplary embodiment. The image
display device 100 included in the head-mounted display
apparatus of the first exemplary embodiment includes an
image generator having the first configuration and an optical
device having the first configuration.

[0149] The image display device 100 includes the follow-
ing:

[0150] (A-1) an image generator 110 having the first con-
figuration; and

[0151] (A-2) an optical device (light-guiding means) 120

receiving light from the image generator 110, guiding the
light, and outputting the light toward an eye 41 of an observer.

[0152] The optical device 120 is attached to the image
generator 110.
[0153] Inthe first exemplary embodiment shown in FIG. 8,

the optical device 120 has the first configuration including the
following:

[0154] (A-2-1) a light-guiding plate 121 causing the light
received from the image generator 110 to propagate with total
reflection thereinside before outputting the light toward the
eye 41 of the observer;

[0155] (A-2-2) a first deflector 130 deflecting the light
received by the light-guiding plate 121 so that the light is
totally reflected inside the light-guiding plate 121; and
[0156] (A-2-3) a second deflector 140 deflecting, a plural-
ity of times, the light caused to propagate with total reflection
inside the light-guiding plate 121 so that the light is output
from the light-guiding plate 121.

[0157] The first and second deflectors 130 and 140 are
provided inside the light-guiding plate 121. The first deflector
130 reflects the light received by the light-guiding plate 121.
The second deflector 140 transmits and reflects, a plurality of
times, the light caused to propagate with total reflection inside
the light-guiding plate 121. That is, the first deflector 130
functions as a reflective mirror, whereas the second deflector
140 functions as a transflective mirror. Specifically, the first
deflector 130 provided inside the light-guiding plate 121 is
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made of aluminum and includes a light-reflecting film (a kind
of mirror) reflecting the light received by the light-guiding
plate 121. Whereas, the second deflector 140 provided inside
the light-guiding plate 121 is a multilayer structure in which
a number of dielectric films are stacked. The dielectric films
include, for example, TiO2 films having high dielectric con-
stants and SiO2 films having low dielectric constants. An
exemplary multilayer structure in which a number of dielec-
tric films are stacked is disclosed in Japanese Unexamined
Patent Application Publication (Translation of PCT Applica-
tion) No. 2005-521099. Although FIG. 8 shows a structure
including six dielectric films, the multilayer structure is not
limited thereto. Thin pieces made of the same material as of
the light-guiding plate 121 are provided between the dielec-
tric films. At the first deflector 130, the parallel light received
by the light-guiding plate 121 is reflected (or diffracted) in
such a manner as to be totally reflected inside the light-
guiding plate 121. At the second deflector 140, the parallel
light caused to propagate with total reflection inside the light-
guiding plate 121 is reflected (or diffracted) a plurality of
times and is subsequently output, maintaining the form of
parallel light, from the light-guiding plate 121.

[0158] The first deflector 130 can be obtained in the follow-
ing manner. A portion 124 of the light-guiding plate 121
defined by a plane in which the first deflector 130 is to be
provided is cut off, whereby a slanting surface on which the
first deflector 130 is to be provided is formed. Then, after a
light-reflecting film is formed on the slanting surface by
vacuum deposition, the portion 124 is bonded back onto the
resulting first deflector 130. The second deflector 140 can be
obtained in the following manner. First, a multilayer structure
in which thin pieces made of the same material as of the
light-guiding plate 121 (glass, for example) and dielectric
films (obtained by vacuum deposition, for example) are alter-
nately stacked is manufactured. A portion 125 of the light-
guiding plate 121 defined by a plane in which the second
deflector 140 is to be provided is cut off, whereby a slanting
surface is formed. Then, after the multilayer structure is
bonded onto the slanting surface, the outer shape of the result-
ing structure is adjusted by polishing or the like. Thus, the
optical device 120 can be obtained in which the first deflector
130 and the second deflector 140 are incorporated in the
light-guiding plate 121.

[0159] Thelight-guiding plate 121, made of optical glass or
plastic material, has two parallel surfaces (a first surface 122
and a second surface 123) extending parallel to the axis of the
light-guiding plate 121. The first surface 122 and the second
surface 123 are positioned opposite each other. The parallel
light enters from a portion, forming a plane of incidence, of
the first surface 122, propagates with total reflection inside
the light-guiding plate 121, and emerges from another por-
tion, forming a plane of emergence, of the first surface 122.
[0160] Referring to FIG. 8, the image generator 110 having
the first configuration includes the following:

[0161] (A-1-1)animage-forming device 111 having a plu-
rality of pixels arranged in a two-dimensional matrix; and
[0162] (A-1-2) a collimating optical system 112 collimat-
ing the light from the pixels of the image-forming device 111
into parallel light and outputting the parallel light.

[0163] The image generator 110 is covered with the cover
113.
[0164] The image-forming device 111 includes a reflective

spatial-light modulator 150 and a light source 153. The light
source 153 includes a light-emitting diode that emits white
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light. Specifically, the reflective spatial-light modulator 150
includes a liquid crystal display (LCD) device 151 that is an
LCOS serving as a light valve, and a polarization beam split-
ter 152 that reflects part of light from the light source 153 and
guides the part of light to the LCD device 151 while allowing
part of the light reflected by the LCD device 151 to pass
therethrough and guiding the part of the light to the collimat-
ing optical system 112. The LCD device 151 has a plurality
(320x240, for example) of pixels arranged in a two-dimen-
sional matrix. The polarization beam splitter 152 has the same
configuration as in the related art. The light emitted as unpo-
larized light from the light source 153 strikes the polarization
beam splitter 152. The polarization beam splitter 152 allows
p-polarized components to pass therethrough so as to be
output to the outside of its system, whereas the polarization
beam splitter 152 reflects s-polarized components. The
reflected s-polarized components enter the LCD device 151,
are reflected thereinside, and are output to the outside. Among
the light that is output from the LCD device 151, light that is
output from pixels displaying “white” contain a relatively
large number of p-polarized components, and light that is
output from pixels displaying “black™ contain a relatively
large number of s-polarized components. That is, among the
light that strikes the polarization beam splitter 152 after being
output from the LCD device 151, p-polarized components
pass through the polarization beam splitter 152 and are
guided toward the collimating optical system 112, whereas
s-polarized components are reflected by the polarization
beam splitter 152 and are fed back to the light source 153. The
LCD device 151 includes the plurality of pixels (320x240
pixels, for example, with the number of liquid crystal cells
being three times larger than the number of pixels) that are
arranged in, for example, a two-dimensional matrix. The
collimating optical system 112 is a convex lens, for example.
The image-forming device 111 (specifically, the LCD device
151) is positioned at a distance from the collimating optical
system 112 corresponding to the focal length of the collimat-
ing optical system 112 so that parallel light is produced. Each
of'the pixels includes a red-light-emitting subpixel that emits
red light, a green-light-emitting subpixel that emits green
light, and a blue-light-emitting subpixel that emits blue light.
[0165] A second exemplary embodiment is a variation of
the first exemplary embodiment. FIG. 9 is a conceptual dia-
gram of one of image display devices 200 included in a
head-mounted display apparatus of the second exemplary
embodiment. The image display device 200 of the second
exemplary embodiment includes an image generator 210 hav-
ing the second configuration. Specifically, the image genera-
tor 210 includes the following:

[0166] (A-1-1) alight source 251;

[0167] (A-1-2) a collimating optical system 252 collimat-
ing light from the light source 251 into parallel light;

[0168] (A-1-3) a scanner 253 scanningly moving the par-
allel light from the collimating optical system 252; and
[0169] (A-1-4) a relay optical system 254 relaying and
outputting the parallel light scanningly moved by the scanner
253.

[0170] The image generator 210 is covered with a cover
213.
[0171] The light source 251 includes a red-light-emitting

element 251R that emits red light, a green-light-emitting
element 251G that emits green light, and a blue-light-emitting
element 251B that emits blue light. The light-emitting ele-
ments 251R, 251G, and 251B are semiconductor laser ele-
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ments. Rays of light of the three primary colors emitted from
the light source 251 are transmitted through a cross prism
255, thereby being combined into a single ray of light. The
light enters and is collimated by the collimating optical sys-
tem 252, which has a positive optical power on the whole, and
is output therefrom as parallel light. The parallel light is
reflected by a total-reflection mirror 256, and is scanningly
moved by the scanner 253 in the horizontal and vertical direc-
tions. The scanner 253 isa MEMS and includes a micromirror
rotatable in two-dimensional directions so that the parallel
light received thereat is scanningly moved in two-dimen-
sional directions. The parallel light scanningly moved in such
a manner is imaged two dimensionally, whereby virtual pix-
els are generated. Light from the virtual pixels is transmitted
through the relay optical system 254, which is a related-art
relay optical system, thereby becoming parallel light, and the
parallel light enters the optical device 120.

[0172] The optical device 120 that receives, guides, and
outputs the parallel light from the relay optical system 254 has
the same configuration as the optical device 120 of the first
exemplary embodiment, and detailed description thereof is
therefore omitted. The head-mounted display apparatus of the
second exemplary embodiment also has substantially the
same configuration as in the first exemplary embodiment
except for the image generator 210, as described above, and
detailed description thereof is therefore omitted.

[0173] A third exemplary embodiment is another variation
of'the first exemplary embodiment. FIG. 10A is a conceptual
diagram of one of image display devices 300 included in a
head-mounted display apparatus according to the third exem-
plary embodiment. FIG. 10B is a schematic enlarged cross-
sectional view showing a part of a reflective volume-holo-
gram diffraction grating. The third exemplary embodiment
employs the image generator 110 having the first configura-
tion, as in the first exemplary embodiment, and an optical
device (light-guiding means) 320 basically having the same
configuration as the optical device 120 of the first exemplary
embodiment, except for the configurations of the first deflec-
tor and the second deflector. The optical device 320 includes
the following:

[0174] (A-2-1) a light-guiding plate 321 causing the light
received from the image generator 110 to propagate with total
reflection thereinside before outputting the light toward the
eye 41 of the observer;

[0175] (A-2-2) a first deflector 330 deflecting the light
received by the light-guiding plate 321 so that the light is
totally reflected inside the light-guiding plate 321; and
[0176] (A-2-3) a second deflector 340 deflecting, a plural-
ity of times, the light caused to propagate with total reflection
inside the light-guiding plate 321 so that the light is output
from the light-guiding plate 321.

[0177] The optical device 320 of the third exemplary
embodiment has the second configuration. Specifically, the
first deflector and the second deflector are provided on a
surface of the light-guiding plate 321 (more specifically, a
second surface 323 of the light-guiding plate 321). The first
deflector diffracts the light received by the light-guiding plate
321, and the second deflector diffracts, a plurality of times,
the light caused to propagate with total reflection inside the
light-guiding plate 321. In this case, the first and second
deflectors are diffraction grating elements, specifically,
reflective diffraction grating elements, more specifically,
reflective volume-hologram diffraction gratings. For conve-
nience of description hereinafter, a first deflector constituted
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by a reflective volume-hologram diffraction grating will be
referred to as a “first diffraction grating member 330, and a
second deflector constituted by a reflective volume-hologram
diffraction grating will be referred to as a “second diffraction
grating member 340”.

[0178] In the third exemplary embodiment and in a fourth
exemplary embodiment described below, to accommodate
diffraction reflections of a number P (specifically, P=3, cor-
responding to three colors of red, green, and blue) ofkinds of
light having a number P of different spectrum bands (or
wavelengths), the first and second diffraction grating mem-
bers 330 and 340 each include a number P of diffraction
grating layers, as reflective volume-hologram diffraction
gratings, that are stacked one on top of another. The diffrac-
tion grating layers are made of photopolymer material and
each have a single pattern of interference fringes correspond-
ing to one of the spectrum bands (or wavelengths). The dif-
fraction grating layers are manufactured by a related-art
method. Specifically, the first and second diffraction grating
members 330 and 340 each have a structure in which a dif-
fraction grating layer that diffracts and reflects red light, a
diffraction grating layer that diffracts and reflects green light,
and a diffraction grating layer that diffracts and reflects blue
light are stacked. The interference fringes provided in the
diffraction grating layers (diffraction optical elements) are
arranged at a constant pitch and extend linearly in the Z-axis
direction, where the axial direction of the first and second
diffraction grating members 330 and 340 is defined as the
Y-axis direction, and the direction of the normal to the first
and second diffraction grating members 330 and 340 is
defined as the X-axis direction. In FIGS. 10A and 11, the first
and second diffraction grating members 330 and 340 are each
shown as a single layer. With the configuration described
above, light of the different spectrum bands (or wavelengths)
can be diffracted and reflected by the first and second diffrac-
tion grating members 330 and 340 with an increased diffrac-
tion efficiency, a widened diffraction acceptance angle, and
an optimized diffraction angle.

[0179] FIG. 10B is a schematic enlarged cross-sectional
view showing a part of the reflective volume-hologram dif-
fraction grating. The reflective volume-hologram diffraction
grating has interference fringes provided at a slant angle ¢.
The slant angle ¢ is an angle formed between the surface of
the reflective volume-hologram diffraction grating and each
of the interference fringes. The interference fringes extend
inside the reflective volume-hologram diffraction grating,
from one surface thereof to the other, and satisfies the Bragg
conditions. Under the Bragg conditions, the following
expression is satisfied:

m-A=2-d-sin(O) (A)

[0180] where m denotes a positive integer, A denotes the
wavelength, d denotes the pitch between grating planes (the
interval between virtual planes containing the interference
fringes in the direction of the normal thereto), and ® denotes
the supplementary angle with respect to the incidence angle at
the interference fringe.

[0181] In a case where light is incident on the diffraction
grating member at an incident angle 1, the relationship
between the supplementary angle ©, the slant angle ¢, and the
incidence angle  is expressed as follows:

©=90"-(¢+) ®)

[0182] The first diffraction grating member 330, provided
(bonded) on the second surface 323 of the light-guiding plate
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321 as described above, diffracts and reflects the parallel light
entering the light-guiding plate 321 through a first surface 322
of the light-guiding plate 321 so that the parallel light is
totally reflected inside the light-guiding plate 321. The sec-
ond diffraction grating member 340, provided (bonded) on
the second surface 323 of the light-guiding plate 321 as
described above, diffracts and reflects, a plurality of times, the
parallel light caused to propagate with total reflection inside
the light-guiding plate 321, and outputs the light, maintaining
the form of parallel light, from the light-guiding plate 321
through the first surface 322.

[0183] Also in the light-guiding plate 321, parallel light
having three colors of red, green and blue propagates with
total reflection inside the light-guiding plate 321 and is sub-
sequently output. Since the light guided by the light-guiding
plate 321 travels inside the light-guiding plate 321 along a
long optical path, the number of total reflections occurring
before the light reaches the second diffraction grating mem-
ber 340 varies with the angle of view. Specifically, among
parallel rays that enter the light-guiding plate 321, some rays
that enter the light-guiding plate 321 at angles toward the
second diffraction grating member 340 cause less reflections
than other rays that enter the light-guiding plate 321 at angles
away from the second diffraction grating member 340. This is
because, among the parallel rays that are diffracted and
reflected by the first diffraction grating member 330, rays that
enter the light-guiding plate 321 at angles toward the second
diffraction grating member 340 form smaller angles with
respect to the normal to the light-guiding plate 321 when
striking the inner surfaces of the light-guiding plate 321 while
propagating inside the light-guiding plate 321, than rays that
enter the light-guiding plate 321 at angles away from the
second diffraction grating member 340. In addition, the pat-
tern of the interference fringes provided inside the second
diffraction grating member 340 and the pattern of the inter-
ference fringes provided inside the first diffraction grating
member 330 are symmetrical with respect to a virtual plane
perpendicular to the axis of the light-guiding plate 321.
[0184] The fourth exemplary embodiment described below
also employs the light-guiding plate 321 basically having the
same configuration as the light-guiding plate 321 in the third
exemplary embodiment.

[0185] The head-mounted display apparatus of the third
exemplary embodiment has substantially the same configu-
ration as in the first exemplary embodiment except for the
optical device 320, as described above, and detailed descrip-
tion thereof is therefore omitted.

[0186] A fourth exemplary embodiment is a variation of the
third exemplary embodiment. FIG. 11 is a conceptual dia-
gram of one of image display devices 400 included in a
head-mounted display apparatus according to the fourth
exemplary embodiment. The image display device 400 ofthe
fourth exemplary embodiment includes the light source 251,
the collimating optical system 252, the scanner 253, the relay
optical system 254, and so forth, having the same configura-
tions as in the second exemplary embodiment. The fourth
exemplary embodiment employs the optical device 320, the
same configuration as in the third exemplary embodiment.
Except for the foregoing points, the head-mounted display
apparatus of the fourth exemplary embodiment has substan-
tially the same configuration as in the first exemplary embodi-
ment, and detailed description thereof is therefore omitted.
[0187] A fifth exemplary embodiment is another variation
of the first exemplary embodiment. FIG. 12 is a conceptual
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diagram of one of image display devices included in a head-
mounted display apparatus according to the fifth exemplary
embodiment. The fifth exemplary embodiment employs an
optical device having the third configuration. Specifically, the
optical device includes a transflective mirror 520 receiving
light from the image generator 110 and outputting the light
toward the eye 41 of the observer. In the fifth exemplary
embodiment, the light output from the image generator 110
propagates inside a transparent member 521, such as a glass
plate or a plastic plate, and enters the transflective mirror 520.
Alternatively, the light output from the image generator 110
may propagate in the air before entering the transflective
mirror 520. In addition, the image generator 110 may be
replaced with the image generator 210 described in the sec-
ond exemplary embodiment. Except for the foregoing points,
the head-mounted display apparatus of the fifth exemplary
embodiment has substantially the same configuration as in
the first exemplary embodiment, and detailed description
thereof is therefore omitted.

[0188] While the present application has been described
with reference to preferred embodiments, the present appli-
cation is not limited thereto. The head-mounted display appa-
ratuses, the image display devices, the wearing devices, the
attachment members, the support members, the retaining
members, and the urging members described in the above
embodiments are only exemplary and can be changed appro-
priately. For example, the number of grooves provided in the
support member, the number of grooves provided in the
retaining member, and the number of balls may alternatively
be four or more. Surface-relief hologram grating members
(refer to U.S. Patent No. 20040062505 A1) may alternatively
be provided on the light-guiding plate. In the third and fourth
exemplary embodiment, the optical device 320 may alterna-
tively include transmissive diffraction grating elements, or a
reflective diffraction grating element for one of the first and
second deflectors and a transmissive diffraction grating ele-
ment for the other. As another alternative, the diffraction
grating elements may be reflective blazed diffraction grating
elements.

[0189] FIG. 13 is a conceptual diagram of an active-matrix
image-forming device suitable foruse as a variation of each of
the image-forming devices in the first, third, and fifth exem-
plary embodiments. The active-matrix image-forming device
includes a light-emitting panel on which light-emitting ele-
ments 601, which are semiconductor light-emitting elements,
are arranged in a two-dimensional matrix. An image is dis-
played by controlling the light-emitting elements 601 to indi-
vidually switch between emitting and non-emitting states so
that the states of emission of the light-emitting elements 601
are directly observed. Light emitted from the image-forming
device travels through the collimating optical system 112 and
enters the light-guiding plate 121 or 321.

[0190] Alternatively, referring to a conceptual diagram
shown in FIG. 14, there may be employed an image-forming
device including the following:

[0191] () a red-light-emitting panel 611R on which red-
light-emitting elements 601R that emit red light are arranged
in a two-dimensional matrix;

[0192] (P) a green-light-emitting panel 611G on which
green-light-emitting elements 601G that emit green light are
arranged in a two-dimensional matrix;

[0193] (y) a blue-light-emitting panel 611B on which blue-
light-emitting elements 601B that emit blue light are arranged
in a two-dimensional matrix; and
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[0194] (O) means (for example, a dichroic prism 603) for
combining light emitted from the red-, green-, and blue-light-
emitting panels 611R, 611G, and 611B into a single ray of
light.

[0195] The image-forming device displays a color image
by controlling the red-, green-, and blue-light-emitting ele-
ments 601R, 601G, and 601B to individually switch between
emitting and non-emitting states. Light emitted from this
image-forming device also travels through the collimating
optical system 112 and enters the light-guiding plate 121 or
321. The image-forming device also includes microlenses
612 that condenses light emitted from the light-emitting ele-
ments 601R, 601G, and 601B.

[0196] FIG. 15 is a conceptual diagram of another alterna-
tive image-forming device including the light-emitting panels
611R, 611G, and 611B on which the light-emitting elements
601R, 601G, and 601B are arranged in two-dimensional
matrices, respectively. Light emitted from the light-emitting
panels 611R, 611G, and 611B is controlled by light-passage
control devices 604R, 604G, and 604B to pass therethrough
orto be blocked thereby. The light that has passed through the
light-passage control devices 604R, 604G, and 604B enters
the dichroic prism 603, thereby being combined into a single
ray of light. The light further travels through the collimating
optical system 112, and enters the light-guiding plate 121 or
321.

[0197] FIG. 16 is a conceptual diagram of another alterna-
tive image-forming device including the light-emitting panels
611R, 611G, and 611B on which the light-emitting elements
601R, 601G, and 601B are arranged in two-dimensional
matrices, respectively. Light emitted from the light-emitting
panels 611R, 611G, and 611B enters the dichroic prism 603,
thereby being combined into a single ray of light. The light
output from the dichroic prism 603 is controlled by a light-
passage control device 604 to pass therethrough or to be
blocked thereby. The light that has passed through the light-
passage control device 604 further travels through the colli-
mating optical system 112, and enters the light-guiding plate
121 or 321.

[0198] FIG. 17 shows another alternative image-forming
device. The image-forming device includes a light-emitting
element 601R that emits red light; a light-passage control
device (for example, a liquid crystal display device 604R),
which is a kind of a light valve that controls the light emitted
from the light-emitting element 601R to pass therethrough or
to be blocked thereby; a light-emitting element 601G that
emits green light; a light-passage control device (for example,
aliquid crystal display device 604G), which is akind ofalight
valve that controls the light emitted from the light-emitting
element 601G to pass therethrough or to be blocked thereby;
a light-emitting element 601B that emits blue light; a light-
passage control device (for example, a liquid crystal display
device 604B), which is a kind of a light valve that controls the
light emitted from the light-emitting element 601B to pass
therethrough or to be blocked thereby; light-guiding mem-
bers 602 that guide the light emitted from the respective
light-emitting elements 601R, 601G, and 601B, which are
GaN-based semiconductor elements; and means (for
example, the dichroic prism 603) for combining the light
from the light-emitting elements 601R, 601G, and 601B into
a single ray of light.

[0199] It should be understood that various changes and
modifications to the presently preferred embodiments
described herein will be apparent to those skilled in the art.
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Such changes and modifications can be made without depart-
ing from the spirit and scope of the present subject matter and
without diminishing its intended advantages. It is therefore
intended that such changes and modifications be covered by
the appended claims.
The invention is claimed as follows:
1. A head-mounted display apparatus comprising:
an image display device;
a wearing device with which the image display device is
worn on a head of an observer; and
an attachment member with which the image display
device is attached to the wearing device,
wherein the attachment member is capable of adjusting a
position of the image display device relative to the wear-
ing device independently in a first direction and in a
second direction, the first direction being defined by a
virtual line connecting centers of eyes of the observer,
the second direction being perpendicular to the first
direction and extending vertically with respect to the
observer.
2. The head-mounted display apparatus according to claim
1, wherein the image display device and the attachment mem-
ber are provided for each of right and left eyes.
3. The head-mounted display apparatus according to claim
15
wherein the image display device includes
an image generator; and
an optical device receiving light from the image genera-
tor, guiding the light, and outputting the light toward
a corresponding one of the eyes of the observer.
4. The head-mounted display apparatus according to claim
3 ’
wherein the optical device includes
a light-guiding plate causing the received light to propa-
gate with total reflection thereinside before outputting
the light;
first deflecting means deflecting the light received by the
light-guiding plate so that the light is totally reflected
inside the light-guiding plate; and
second deflecting means deflecting, a plurality of times,
the light caused to propagate with total reflection
inside the light-guiding plate so that the light is output
from the light-guiding plate.
5. The head-mounted display apparatus according to claim
45
wherein the first deflecting means reflects the light received
by the light-guiding plate, and
wherein the second deflecting means transmits and
reflects, a plurality of times, the light caused to propa-
gate with total reflection inside the light-guiding plate.
6. The head-mounted display apparatus according to claim
55
wherein the first deflecting means functions as a reflective
mirror, and
wherein the second deflecting means functions as a trans-
flective mirror.
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7. The head-mounted display apparatus according to claim
45

wherein the first deflecting means diffracts the light

received by the light-guiding plate, and

wherein the second deflecting means diffracts, a plurality

of times, the light caused to propagate with total reflec-
tion inside the light-guiding plate.

8. The head-mounted display apparatus according to claim
7, wherein the first and second deflecting means include
diffraction grating elements.

9. The head-mounted display apparatus according to claim
8, wherein the diffraction grating elements are reflective dif-
fraction grating elements.

10. The head-mounted display apparatus according to
claim 8, wherein the diffraction grating elements are trans-
missive diffraction grating elements.

11. The head-mounted display apparatus according to
claim 8, wherein one of the diffraction grating elements is a
reflective diffraction grating element and the other is a trans-
missive diffraction grating element.

12. The head-mounted display apparatus according to
claim 3, wherein the optical device includes a transflective
mirror receiving the light from the image generator and out-
putting the light toward the eye of the observer.

13. The head-mounted display apparatus according to
claim 3,

wherein the image generator includes

an image-forming device having a plurality of pixels
arranged in a two-dimensional matrix; and

a collimating optical system collimating the light from
the pixels of the image-forming device into parallel
light and outputting the parallel light.

14. The head-mounted display apparatus according to
claim 3,

wherein the image generator includes

a light source;

a collimating optical system collimating light from the
light source into parallel light;

scanning means scanningly moving the parallel light
from the collimating optical system; and

arelay optical system relaying and outputting the paral-
lel light scanningly moved by the scanning means.

15. The head-mounted display apparatus according to
claim 1, wherein the wearing device forms a frame of a pair of
glasses.

16. The head-mounted display apparatus according to
claim 15,

wherein the frame includes

a front member to be positioned in front of the observer;
and

two temples turnably attached to respective ends of the
front member with hinges, and

wherein the attachment member is attached to each of the

ends of the front member.



