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LOW-COST.LIGHT-WEIGHT HEAD-MOUNTED 

VIRTUAL-IMAGE PROJECTION DISPLAY WITH LOW 

MOMENTS OF INERTIA AND LOW CENTER OF GRAVITY 

BACKGROUND OF THE INYENTION 

Field of the Invention 

The present invention is in the field of image 

projection displays. More particularly, the present 

5 invention relates to image projection displays which are 

mounted to a helmet or other headqear worn by a user. The 

head gear carries a visor in front of the user's eyes. In 

order for the user to view the distance field the visor 

may be transparent. In this case, the user of the display 

10 may look through the transparent visor to see objects in 

the distance visual· field. Projected light is also· 

reflected from an inner surface of this visor to provide 

the user with a virtual imaqe focused at infinity and 

superimposed upon the view seen throuqh the visor. If the 

15 visor is not· transparent,· the user may see only the 

projected image in the distant.field. Thi~ embodiment of 

the invention would be used for computerized virtual 

reality projection, for example~ This type of display has 

civilian, military, industrial, medical, and other 

20 applications. 

Related Technology · 

Head-mounted image projection displays, includinq 

headqear•mounted displays (HMD' s), and includinq those 
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displays which us~ the v±sor of a helmet as part of the 

display (i.e., a ~elmet visor display_, or HVD) , are well 

known in the ar~. such head-mounted display systems 

provide a clear advantac;e to the user over panel-mounted 
i 

5 or other remotely+positioned displays, such as projection 

heads-up displays! (HOD' s) , for example. One of these 

advan~ac;es is tha~ the imac;e provided by a HMD moves with 

the user and may ~e.viewedwhile it is superimposed on the 

user's view of t~e surroundinc;s. Thus, even when the 

10 user's visual att.ntion is directed other than toward an 
! 

instrument panel,~ for example, the user can visually 

monitor important ,information which is presented visually. 
i 

Another advantage! is .that the user need not continually 

shift visual fo~us from the distant field of the 

15 surroundings to t~e near field of an instrument panel, for 
i 

example, in order/to check the conditions of a vehicle or 

other such inform~tion which is not in the distant visual 
. : 

field. While th• HUD type of displays have this same 

advantage, they c~n be viewed only while looking through 

20 the combiner or tindscreen of an aircraft, for example. 
' This freedom from/ the necessity of changing visual focus 

is both importal1,t for allowinc; the user to maintain 

constant visual !contact with items in the far visual 

field, for examp~e, but also because it reduces visual 

25 fatigue. That is~ extended periods of time such as occurs 

in long-distance aircraft flic;ht, durinq which the 

aircraft pilot is;of necessity forced to continually shift 

visual focus fro• the far field out through an aircraft 

windshield to t1'e near visual field at the aircraft 

JO instrument panel~ can lead to severe visual fatique. 

Aircraft pilots ~n such circumstances can experience a 

drastically redu~ed performance and reduced ability to 

visually detec~ ~nd respond to threats. 

Typically, ~ conventional HMD system includes (1) an 

J 5 imaqe source: ( ~) an optical relay module: and ( 3) . a 

projection surface (known as a combiner), through which 
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the user views the outside world and upon which is 
projected the image generated by the image source and 
relayed by. the system's optical relay module. The display 
apparatus may be secured relative to the user• s head by 

s use of a cap, head gear, face mask, or by being associated 
with a helmet which the user wears, for example. 

Conventional head-mounted display systems have 
employed a combiner that is either integral with the visor 
of the helmet or separated from the visor as an 

10 independent screen placed inside the visor. These design 
alternatives have both led to helmets of appreciable size, 
weight, high center of gravity (Le., top heavy), high 
moments of inertia about one or both of the azimuthal or 
elevational axis of head tilting, qreat complexity, and 

15 high cost. Many of these conventional head-mounted 
displays have ·suffered from either low optical efficiency 
because· of the use of a beam splitter type of on-axis 
projection system, or oft-axis projection aberrations such 
as keystoning and asymi:lletry aberrations because of use of 

20 an off-axis projection system 
Particularly, in order to improve the packaqinq 

effectiveness of a head-mounted display with respect to 
the structure of the human head, attempts have been made 
to decrease the overall length and _moment of inertia of 

25 the system by fixinq the optical axis of the relay module 
at some acute anqle with · respect to the optical axis of 
the combiner. This arranqement is known as "off-axis" 
projection of the image. The visor may still be used as 
a combiner by projectinq the imaqe onto the visor inner 

30 surface for reflection to the user, but off-axis 
projection causes various distortions Of the image as seen 
by the user. Amonq these aberrations caused by the off­
axis bendinq angle are the asymmetric aberrations of axial 
and bimodal astiqmatism and axial coma as well as keystone 

35 distortion of the imaqe provided to the user. 
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An example of; a typica_l helmet visor display system 

utilizinq off-axi~ project~on is disclosed in United 

states Patent No. 
1

3,940,204 issued February 24, 1976 to 

R.J. Withrinqton. : Th• Withrinqton patent is believed to 
! 

5 describe a holoqra~hic lens as a combiner qlass, operating 

at a larqe of f-ax~s anqle ~ Aberrations inherent in an 

off-axis holoqrap~ic lens are minimized by constructinq 
1 . . . .· 

the lens with aberFated wave fronts and by tiltinq and/or 

de-centering eleme~ts in an optical relay set in order to 

10 compensate for ;stiqmatism and axial coma in the 

holoqraphic lens. 
such a holoqraphic combiner is difficult to 

fabricate, and the 
1 
larqe asymmetric aberrations introduced 

·i 

due to the larqe bfndinq anqle limits. the usable field of 

15 view (FOV) . corre.Fti11-q for the aberrations increases the 

size and complexi,y of ,the relay optics, addinq cost and 

maintenance conce*1ts,. while the added wei9ht is always 
.: 

objectionable to ,the users of such systems, who would 

prefer a system havinq ·much smaller moments of inertia. 

20 Also, this type of system suffers from chromatic 

aberrations. 
Recoqnizinq ~he disadvantages of the holoc;raphic lens 

! • . 

approach and compiex relay lens schemes to correct imaqe 

distortion ~roble*s inherent in off-axis projection, it 

25 has been proposed :to modify a conventional on-axis system 

by incorporatinq • beam splitter positioned between the 
I . 

combiner and th• qser•s eye. The beam splitter 

improvement to on1axis orientation of the relay module was 

suggested, for ex.mple, by Droessler and Rotier in their 

30 SPIE paper entitl-,d "Helmet Mounted Visual Displays", :lllA 
Society of Phot;o-Optical Instrumentation Engineers, 

pl9-29, Vol 1116,, (1989). The beam splitter is used to 
; 

keep the optical 'xis of the relay lenses co-aliqned with 

the optical axis of the combiner. 

35 With a beam· splitter in the system, there is no 

inherent keystone distortion nor any asymmetric 
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aberrations. HMO aberrat~~ns are similar to any axially 
symmetric optical system, and thus are much easier to 
correct. 

However, use of a beam splitter may cost the loss of 
s as much as fifty percent of the projected light between 

the beam splitter and combiner, so that overall efficiency 
of the image projection system is poor (i.e., in the 25' 
to 30t range). Consequently, a brighter image source must 
be used, which is frequently larger, heavier, and more 

10 expensive·. This larger and heavier image source has the 
disadvantage of increasing all of the size, weight, and 
moment of inertia of the system. In addition, the usable 
field of view (FOV) is limited by the physical open area 
below the combiner and the beam splitter, so that the 

15 radius of the combiner must be shortened to expand the 
FOV, relaying the pupil closer to the combiner (away from 
the neck of the user), thereby increasing the moment of 
inertia of the system. 

An example of a conventional head-mounted display 
20 with a beam splitter is seen in United States Patent No. 

5,200,827 issued April 6, 1993, to c. M. Hanson, et al. 
The Hanson patent is believed to disclose a head-mounted 
display in which the visor/combiner, or visor with 
separate combin~r screen, is integrated with an imaqe 

25 source and relay optics.into a unit which may be attached 
to or used in association with a conventional infantry 
helmet. The head-mounted display taught by the Hanson 
patent suffers from many of the size, weight, high center 
of gravity, high moment of inertia, and complexity 

30 limitations associated with conventional head-mounted 
displays as discussed above. 

Another example of a known beam-splitter type of 
HMD is seen in United States Patent No. s,ooo,544 issued 
March 19, 1991 to C.B. Stavely. According to the Stavely 

35 patent, a combiner requires a tuned optical coatinq 
reflective of liqht in the wavelength band of the display 
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source. Suspensi~n of both the imaqe source and the relay 
; .. 

optics in front pf the user's face causes both a high 

center of qravity, and an undesirable forward shifting of 

the helmet center:,; of 9ravity, along with many of the other 
; 

s previously ·enumerr:ted shortcomings of a conventional beam 

splitter systems •. 

~VMMARY OF THE INYEHTJON 
10 Accordingly,: it is an object of the present. invention 

' ' 

to provide a helm't mounted display that overcomes one or 
; 

more of the above-mentioned deficiencies of conventional 
. I . 

image-projection ~isplays Of both the Off-axis and on-axis 

(beam splitter) v~rieties. 
15 It is anoth~r object of the present invention to 

provide a low cos~, light weight, low moments of inertia, 
I , 

low center of qr~vity helmet-mounted display system that 

presents high quality virtual projected images to a user. 

Accordingly,
1 

the present invention provides an 

20 image-projection display system carri~d upon a headgear 

worn b~ a user, the display system havinq improved image 

quality and a low center of gravity on the user's head 

with low moment• of inertia about both a vertical 
., 

azimuthal axis ap~ a horizontal elevational axis, this 

25 image display s~stem including an image source for 

providinq an imaqe to be projected to the user, the image 
. ! 

source providing: liqht for forming the image: a relay 

optics module re~eiving the light from the image source 

and having lensi!s for projecting the light; a beam 

30 splitter dispose? in front of an eye of the user for 

receiving the projected'liqht from the relay optics module 

and reflecting t~is light away from the eye of the user: 

a· combiner dispo.ed in front of both the user's eye and 
' ! ' . ' 

the beam splitte:tt and u"pon which the light.reflected from 

3 s the beam spli tte.*' is proj ec1:ed to be reflected from the 

combiner back thr·ouqh the beam splitter to the user's eye: 
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the image source and at least part of the relay optics 
--

module being disposed to one side of the user's head and 

below the level of the· user's eye. 

Additional objects and advantages of the present 

5 invention will become apparent from a reading of the 

following detailed description of a single preferred 

embodiment of the present invention, taken in conjunction 

with the appended drawing Figures, which are described 

briefly below: 

10 
BRIEF DESCRIPTION OF THE DBAWING FIGURES 

Figure 1 provides a highly schematic representation 

of physical components and an optical ray-tracing diaqram 

for a head-mounted display according to the present 

15 invention: 
Figure 2 provides a side elevation view of a user 

wearing a helmet upon which is carried a visor and a 

head-mounted display system according to the present 

invention, with the physical components of the display 

20 system still being shown schematically at a higher level 

of development than that of Figure l, but still 

incompletely developed, and with a projected image · 

ray-tracing included·: 
Figures 3-5 show ·respective side elevation, front 

25 elevation, and plan views of the user with helmet and a 

physical embodiment of the display system seen in Fiqure 

2; Fiqure 3 is shown with parts broken away and removed 

for clarity of illustration: 
Fiqure 6 is a schematic representation (similar to 

30 Fiqure 1) of an alternative embodiment of a head-mounted 

display according to the invention, with a simplified and 

even liqhter weight optical relay system: 

Figure 7 is a plan view similar to the side elevation 

view of Figure 2, showinq the embodiment of the invention 

35 schematically depicted by Figure 6 with a projector 
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housinq shown 
helmet; 

Fiqure 8 

in !phantom lines and attached to a user•s 

. r 
depiicts yet another alternative embodiment 

of the invention,. whi~h is similar to the embodiment seen 
5 in Fiqures 6 and· 7, .but which. is. additionally equipped 

with an LED to illuminate the imaqe source (which imaqe 
source may be a l~quid crystal liqht-valve type), as well 

:,. 

as with a second i~ma~e source; and . 
Figures 9, '9a, and 9b show ·schematically another 

10 alternative emboqiment of the present invention in which 

provision is mad•i for correction of chromatic aberrations 
. 1 . . . 

by use of refraction~diffraction lenses. 

DETAILED DESCRIPTION OF THE EXEMPLARX . ·r . I . . 

. 15 PBEFE~D EMBODIHENTS OF THE INVENTION 

Viewing Fic;iire . l, a projection display system 10 
•::· . ; . 

(which will be .s,en to be head-mounted) is schematically 
·! 

illustrated, and )is P.rovided with ray-tracings in order to 
illustrate the o~e.ra~ion of this display system. Viewing 

20 Fiqure l in g~eater detail, it is seen that this 
projection displ'y system 10 includes an image source 12, 
a relay optics mo,dul• 14, an anqulated wide spectral band 

beam splitter mirror 16, and a qen~rally spherical 
transparent and ~eflective combiner 18. The inner surface 

25 confiquration o~ the combiner 18 may alternatively be 
truly spherical, 

1 
or may be of qeneralized spherical shape. 

The combiner 18 reflects light projected onto the inner 
surface 18a thereof from the beam splitter mirror 16 back 

through this mixtror 16 and to the eye 20 of an observer 
30 22. Light ray tFace lines, generally referenced with the 

numeral 24 are .pplied to the sche~atic illustration of 
Fiqure l in ordet to depict how the eye 20 of the observer 
22 receives the: imaqe provided by the image source 12. 
Generally, it ·w~ll be seen from Fiqure l that the imaqe 

35 projection to the user 22 is an on-axis projection, free 
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of keystoninc;, . asymmetry; and color aberrations which 
miqht be caused by ari off-axis projedti.bn. 

More particularly viewinq Fiqure 1, it will be 
appreciated that the imaqe source 12 may be a cathode ray 

5 tube, or liquid crystal display of the reflective or 
transmissive type, for example and without limitation. 
The essential element. of the imaqe source 12 is that it is 
a source of imaqe llqht for projection, and· provide an 
image by projection, transmission, or reflection of liqht. 

10 Thus, a reflection type of liquid crystal display may be 
particularly advantaqeous for use in the present display 
system because the.liquid crystal display will provide an 
imaqe by reflection of light from another source, such as 
an easily chanqed light bulb, the brightness of which is 

15 also easily varied to· suit the brightness requirements for 
the imaqe chosen by the user 22. 

FUrther, the relay optics module 14 is seen to have 
two qroups of ~ens, referenced with the numerals 14a and 
14b. The lens group 14a includes three refractive lenses 

20 forming a color-corrected lens set, while the lens qroup 
14b includes three refractive lenses similarly forminq a 
color corrected lens set. Examples of materials which may 
be used in making the color-corrected lenses of the relay 
optics module 14 are crown glass and flint glass material 

25 for correction of chromatic aberration. Thus, the display 
system seen in Fiqure l has a . wide spectral {color) 
capability, with qood fidelity of the image provided to 
the user in comparison to the color rendition available at 
the image source 12. The use of color-corrected lens sets 

30 eliminates chromatic aberrations in the image provided to 
"the user 22. 

Viewinq now Figure 2, the observer 22 is seen to be 
wearing a helmet 26 to which the system 10 may be mounted, 
as will be further explained below. The system 10 is 

35 shown schematically: in Fiqure 2 so that it may be 
appreciated that the combiner 18 is provided by a visor 28 
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attached to the tjelmet 26-. That is, the combiner 18 is 
defined by a po~tion of the visor 28. Visor 2s may 
provide a combiner portion 18 in front of each eye of the 

i 
user 22. Also, ~,he system 10 is mounted low on the side 

I . •. . 

s of the helmet 2al, . with an anqulated projection foldinq 
I . . . 

mirror JO beinq ~nterposed in the path of the light ray 
traces 24 between:! tlie relay optics module 14 and the broad 
band beam splitte~ 16. This foldinq mirror 30 is located 
to the side and ./.below the eye 20 of the observer 22. 

10 Consequentl~, .it will be seen that the weight of the 
i 

system 10, or al~ost all of this : wei_~ht is carried well 
below the level ~· f ~he eye 20 ·of observer 22. In the 
schema tic present tiqn seen . in F iqure 2 , the p~oj ection to 
th_e user 22 may b. seen to include some_ small elements of 

15 off-axis projectfon. That is, the axis of the relay 
optics module ~4 is not truly parallel with or 
perpendicular wi* the axis of light projection from the 
combiner 18 to $e user•s eyes. Consequently, a small 
keystoninq or as~etric distortion ot the proj acted imaqe 

! -

20 as perceived by! the user 22 may result. Such small 
elements of off-~xis projection may be easily compensated 
for by slightly ~ilting either of the first l4a or second 
14b lens group• of the relay optics module 14. 

I 

Alternatively, t~e cprrection for' off-axis effects my be 
I - • 

25 made by de-cente:f:inq one of the lens qroups 14a or "l4b. 
Still alternativ~ly, such small off-axis correction may be 
provided by til~ing or de-centering the relay optics 
module relative ~o the beam splitter 16 or image source 
12. However, asiwill be seen, the physical embodiment of 

30 the present proj~ction display ~ystem i~ virtually free of 
such off-axis pr~jection effects. 

I 

Viewing nowf Fiqures 3-5 in conjunction, a more fully 
developed physicfl embodiment of the projection display 
system 10 is sho~. This embodiment of the invention has 

35 ~articular utili~y as an ima9e intensifier display also­
simul taneously 2'llowin9 natural vision of the outside 
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world through a transpare~~ combiner. Another use for 

this embodiment is as an eye-safe goggle/display allowing 

the user to receive a projection of imagery (including, 

for example, an image of the outside world) while still 

5 protecting the user's eyes from· harm. For example, the 

visor of the helmet (the combiner) could be opaque to 

protect the user's eyes from the light of offensive laser 

weapons and from nuclear events. This particular 

embodiment allows the user to combine night vision {which 

10 imagery is provided as a projection from the combiner 18), 

with natural vision of the outside world through the 

transparent_ combiner 18, if desired. This projection 

display system 10 includes helmet 26 having a pair of 

opposite laterally-extending portions 32. Forwardly from 

15 each of these laterally extending portions 32 of the 

helmet 2 6 extends a respective left or right one of a pair 

of bracket members referenced with the numeral 34. 

carried on respective ones of the pair of bracket members 

3 4 are a pair of proj actor housings 3 6. These projector · 

20 housinqs 36 also house the image source 12 and relay 

optics module 14 which was seen in Figures l and 2. In 

this case, the image source 12 takes the form of an image 

intensifier (referenced with the numeral 12a in Figure 3). 

The imaqe intensifier l2a includes an objective lens 

25 l2b (best seen in Figure 4), and an imaqe intensifier tube 

12c. The image intensifier tube 12c includes a rear image 

surface 12d (seen in Figure 3) at which an intensified 

image of a niqht-time scene is presented in phosphorescent 

yellow-qreen light. Those ordinarily skilled in the 

30 pertinent arts will ·well understand that the image 

intensifier tube 12c is an electro-optical device which is 

responsive to light in the near-infrared portion of the 

spectrum. This light is invisible to the human eye, but 

is rich in the night time sky because of the light from 

35 the stars. Hence, early image intensifier devices came to 

be known as "star light" scopes. The image intensifier 
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12a is thus co~ventional, ·and will not be further 
described. 

The visor 2~ of the helmet 26 includes a pair of 
spherical or qene~alized spherical combiner portions 18, 

r 

5 one disposed in f~ont of each one of the user's pair of 
eyes. . Disposed b~twe,en each of the combiner portions 18 
and the respect~ve one of the user• s eyes 20 is a 
respective one ot a pair of beam splitter mirrors 16 • 
These beam split~er mirrors 16 are anqulated to rec~ive 

10 the liqht projec~ed laterally from a projection foldinq 
I . . 

mirror 30 dispo•e at the projector housings 36 and 
angu.lated inwardl:y and sliqhtly to the rear toward the 

i 
beam splitter mir/rors 16. The anqulation to the rear of 
the projection f:old mirrors 30 is. for convenience of 

15 physical arranqe~ent only, and the projection between 
mirror 30 and be~ splitter 16 may be purely lat~ral of 
the user 22. Thus, is seen that the beam splitter mirrors 
16 are angulated putwardly to receive the projected imaqe 
light from the pr~jector housings 36, as is represented by 

20 the arrows 24. 
Viewinq FiCJ'llre 3, it is seen that the projector 

system seen in !iigure 2 has been made more compact by 

introducing a f i~st folding mirror 38 between the image 
source 12a and th;e relay optics lens group 14a. A second 

25 foldinq mirror 4q is interposed between the relay optics 
first lens qroup 14a and the second lens qroup 14b. Thus, 
it is seen that1 the imaqe s~urce 12a is disposed to 
project image l~qht (arrows 24) rearwardly, while the 
first folding mi~ror directs this image light upwardly to 

30 the second folding mirror for direction forwardly. That 
ts, in side view ias seen in Fiqure 3, the projector 36 is 
arranqed with a :C-shaped optical path havinq the imaqe 
source 12a in a lower leq of this optical path, and the 
upper leq of the:path at eye level for the user 22. The 

35 second lens group 14b is generally at the eye level for 
the user 22, so that the projection folding mirror 30 is 
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located qenerally at the level of the user's eyes and just 

slightly outwardly thereof. This level for the projection 

folding mirrors 30 eliminates the need for compound 
angulations of the beam splitter mirror and projection 

5 folding mirror as were explained in connection with the 

schematic illustration of Figure 2. still the projector 
36 has a low center of gravity because all of the image 

source l2a, first fold mirror 38, and first lens group l4a 
are below the eye level of the user 22. 

10 Additionally, the display system illustrated in 

Figures 3-5 provides a low moment of inertia both with 

respect to the user 22 turning the head from side to side 
about a vertical (azimuthal) axis, and also with respect 
to the up and down (i.e. , nodding and head raisinq) 

15 motions of the head about a horizontal elevational axis. 

The present display system has a low moment of inertia 
about the vertical axis because the optical system used by 
the projectors 36 may be· much simpler and lighter with 

fewer lenses than required by previous head-mounted 
20 projection displays. User fatique is reduced because the 

projection display system 10 has a low center of qravity. 

·The user does not get the impression that.the helmet is 
.top heavy, and that.the neck muscles must be consciously 

used to prevent the helmet and display from tipping to the 
25 side. The balance of the projectors 36 and other 

components of the display system is generally at a ievel 
below the eye level of the user 22 so that only the weiqht 
of the system is noticeable, and not a top ht1avy sensation 

acting on the head. The weiqht of the system is 

30 considerably reduced in comparison to previous head 
'mounted display systems because of the simplicity and 
reduced wei9ht of the lens systems~ 

With respect to nodding or head raisinq motions 
(i.e., about a horizontal or elevational axis), the side 

35 elevation view of Fiqure 3 illustrates that the mass of 

the display system 10 is mostly below the eye level of the 

~ME SHEET (RULE 281 



W096136898 PCTIUS96/07396 

5 

10 

15 

20 

14 

user 22, and is l!ocated at about the level of the lower 

jaw where the.eff~ctive pivot axis is located between the 

spine and skull. ! Consequently, movements of the head 

about this elevat~ona~ axis simply pivots the projection 

system 10 about a' axis close to the projector housing 36 

with a low mcime~t of inertia, and without an arcuate 

motion of this pf'oj ector housing at the end of a long 

lever arm with a~tendant high moment of inertia. This 
I . 

type of lonq lev~r arm and hiqh moment of inertia are 

exhibited by ~D'f which dispose the projection apparatus 

atop the user's ! helmet. The beam splitter 16 is a 

comparatively liq~t-weiqht part so that its positioning in 
i ' . . 

front of the userrs eyes does not create much Of a moment 

o~ inertia about leither the vertical or horizontal axis. 

Visor .28 weighs a~out: the same as a conventional visor so 
I • 

that this part of )the display system does not increase the 
moments of inerltia experienced by . the user 22 in 

comparison to a sbandard helmet with visor. 
! . 

Figures 6 an~ 7 schematically show developments of an 

alternative embo~iment of the present projection display 
! 

system similar t~ F iqures 1 and 2, but with Figure 7 

offering a plan V,iew rather than the side elevation view 
' 

used in Figure 2~ In Fiqure 7, the projector housinq is 
; 

shown in phantom [lines to . better depict salient features 

25 of the display ~ystem. In order to obtain reference 

numerals for usa!in describinq this embodiment, features 

which are the sa•e as or which are analoqous in structure 

or function to, !features described above are referenced 

with the same n~eral used above and with a prime ( ' ) 

30 added. The alte~native embodiment developed in Figures 6 

and 7 offers an •van lighter weight and even lower moment 

of inertia about . both the vertical and horizontal axes •. 

Fiqures 6 a~d 7 depict an alternative embodiment in 

whi~h the relay .optics module 14 merely includes a much 

35 simplified two-iens group. That is, the function 

performed by the first lens qroup 14a of Figure l and 2 is 
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now performed by a sinqle lens, referenced with the 

numeral 14a' ~ Similarly,· ·a sinqle· lens 14b' serves the 

function of the second lens qroup. Accordinqly, it will 

be appreciated that chromatic correction has not been 

5 provided i:n the alternative embodiment of the invention 

seen in Fiqures 6 and 7. However, this alternative 

embodiment hall the advantac;es of lighter weiqh~, lower 

moments of inertia about the vertical and hor~zontal axes, 

and much reduced costs because of the simplified optical 

10 system. This alternative embodiment .of the invention is 

very much suitable for use in instances where a full color 

imac;e need not be projected for the user. These instances 

included projection of a monochrome image or of a 

phosphorescent yellow-qreen night vision image, for 

15 example. This embodiment may_ also be uses for low-cost 

virtual-reality image projection systems for training uses 

and ·for the consumer, in which a computerized simulation 

is sufficient for the user without full color rendition. 

This alternative use of the display system could employ an 

20 opaque visor to form the combiner surfaces, and might be 

used for training of pilots or by consumers for game 

playin9, such as flight simulation, for example. 

Fiqure 8 depicts another alternative embodiment of 

the invention. In oraer to obtain reference numerals for 

25 use in describing this embodiment, features which are the 

same as or which are analogous in structure or function 

to, features described above are referenced with the same 

numeral used above and with a double prime (") added. 

Viewing Fiqure 8, the projection display 10 11 includes an 

30 image source 12", relay optics module 14 11 , beam splitter 

· ·16", and. combiner 18". In this embodiment, the image 

source 12" is of . the liquid crystal liqht-valve type. 

That is, the' imaqe source is reflective. In order to 

provide illumination for the image provided by the image 

35 ·source 12 11 , an anqulated beam splitter mirror 42 is 

provided. Laterally of the ray traces 24 from the imaqe 
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source 12", an l~qht emittinq.diode (LED) 44 is disposed 
I •• 

at the focus of ' condenser lens 46 .. The LED 44 provides 
i 

liqht which is r4'flected from the beam splitter mirror 42 
I 

onto the image squrce .12 "· From the imaqe source 12", the 
s liqht (now carrying the imaqe provided by the source 12") 

is reflected bac* to and throuqh the beam splitter 4 2. As 
before, the liqh~ from the imaqe source 12" is condu~ted 
throuqh the relay optics module 14" and to the user 22 • 

. ! 

An advantaq~ of the embodiment seen in F iCJUre 8 is 
i . . 

10 that a second i~aqe source 48 may be provides oppositely 
i 

to the LED 46. :In this case, the imaqe source 48 may be 
illuminated by fliqht from LED 46 which passes first 
through the be~m splitter 42, is . reflected from the 
liqht-valve type! image source 48, and is refl,.ected along 

15 the lines 24 11 b~ the beam splitter 42. The image source 
! 

48 need not be o~ the liqht-valve type. However, it.will 
be recoqnizedth•t this embodiment is particularly useful 
for sensor fusion, that is, for combining an imaqe from 
sensors (such 'as symbology, qraphical indicia, and 

20 characters, for' example) with an imaqe of the outside 
would. The user 22 will see the imaqes superimposed and 
focused at infinity so that visual focus does not need to 
b~ shifted from: the outside world in order to visually 
perceive the synlbology, qraphicals and otber·characters. 

25 Fiqure 9 · schematically . depicts yet another 
alternative emb~dimant of the invention ~aving verf liqht 
weiqht, low center ot gravity, and reduced moments of 
inertia. In. ord~r to obtain reference numerals for use in 
describing this iembodiment, features which are the same as 

3 o or which are •naloqous in structure . or function to, 
·features descri~ed above are referenced with the ·same 
numeral used a:bove and with a triple prime (" •) added. 
This embodiment:benefits from a reduced w1;ai9ht and moment 
of inertia for ~he reiay optics module 14." • by the use of 

35 refractive-difftactiva (rather than only refractive) 
optical elements. As is seen in Fiqure 9, the projection 
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display system 10"' includ~~ an ima9e source 12"', a relay 

optics moduie 14"', a projection foldin9 mirror JO"', a 

beam splitter 16"', and a combiner 18"'. However, the 
relay optics module 14"' in.eludes only two lens groups, 

5 which are of the refractive-diffractive type rather than 
merely beinq refractive lenses. That is, the relay optics 

module 14"' includes a first refractive-diffractive lens 
50 which transmits the ima9e from imaqe source i2•• to a 

second refractive-diffractive lens 52. 
10 Fiqures 9a and 9b provide qreatly enlarqed 

fragmentary views of these refractive-diffractive lenses. 

The first refractive-diffractive lens 50 includes a lens 

with a· curved refractive surface 54 confrontinq the ima9e 

source 12"'. The lens 50 also includes an opposite etched 
15 or stair-stepped diffractive surface 56. Similarly, 

second re·fractive-diffractive lens 52 includes a lens with 
a curved refractive surf ace 58 confrontinq the imaqe 
source 12" •. The lens 52 also includes an opposite etched 
or stair-stepped diffr~ctive surface 60. As a result of 

20 requirinq only t~e two lenses 50 and 52, the relay optics 
module 14'" may be made considerably liqhter in wei9ht 
than conventional iens qroups. This embodiment of the 

invention has the· advantaqe of aliowinq chromatic 

correction of the projected imaqe so that a qood color 
25 fidelity is achieved, at a weiqht for the relay optics 

module 14 (generally considered) which is.about the same 
as that of the embodiment seen in Fiqures 6 and 7. 

While the present invention has been depicted, 
described, and is defined by reference to particularly 

30 preferred embodiments of the invention, such reference 
·does not imply a limitation on the invention, and no such 

limitation is to be inferred. The invention is capable of 

considerable modification, alteration, and equivalents in 
form and function, as will occur to those ordinarily 

3 5 skilled in the pertinent arts. For example, it is 
apparent that an important objective of the present 
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invention is to ~rovide a -~ead mounted projection display 
system which prqvides good quality of image rendition 
while also beinq/liqht in weiqht, havinq a low center of 
gravity, and proyiding low moments of inertia about the 

5 vertical and horjizontal axes of. greatest interest. To 
i 

this end, some c;?r all of the lenses and ot:her optical 
j 

elements of the rrojection display system can be made Of 
plastic. j .. 

That is, (lenses, . mirrors, and beam splitters 
10 necessary for th~ apparatus may be formed of light-weight 

:1 

plastic rather t'an the more tr•ditional and much heavier 
glass. Even wh•n implemented with plastic lenses, the· 
present inventio* provides ~n outstandinq optical quality 
because of not ~sing off-axis projection, but having a 

! 

15 beam splitter an1 on-axis projection •. However, the image 
brightness achirved with the . present invention · is 
generally better1than previous on-axis projection systems 
in part because ~he present invention minimizes the number 
of lenses, mirrfrs, and filters interposed between the 

20 image source and/ the eye of th• viewer. Accordinqly, the 
depicted and d~scribed pref erred embodiments of the 
invention are exemplary only, and are not exhaustive of . : . 

the scope of th-. invention. Consequentlf ,_ the invention 
is intended to b• limited only by the spirit and scope of 

25 the appended claims, giving full cognizance to equivalents 
in all respects.: 
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CLAIMS 111111111111111111111111111111 
Wbat is Claimed is: * c L " s 

1. An image-projection display system carried upon 

a headgear to be worn on the head of a user, the display 
system having improved imaqe quality and a low center of 

gravity on the user's head with low moments of inertia 

5 about both a vertical azimuthal axis and a horizontal 
elevational axis, said display system comprising: 

an image source for providing an image to be 
projected to the user, said image source providing light 

for forming said image; 
10 a beam splitter disposed in front of an eye of 

the user for receiving the projected light from said relay 
optics module and reflecting this liqht away from the eye 

of the user: 
a combiner disposed in front of both said user's 

15 eye and said beam splitter and upon which said light 
reflected from . said beam splitter is projected to be 
reflected from said combiner back throuqh said beam 
splitter to the user's eye; 

said image source disposed to one side of the 
20 user's head and below the level cf the user's eye. 

2. The display system of claim l further including 

a relay optics module receiving said light from said image 
source and havinq lenses for projecting said light; 

3 • The display system of claim 2 further includinq 

·a projection folding mirror interposed optically between 
said relay optics module and said beam splitter. 

4. The display system of claim 2 further including 

a first fold mirror interposed optically between said 

image source and said relay optics module. 
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5. The display system of claim 4 wherein said relay 

optics module includes a first lens and a second lens, 

said display system includinq a second fold mirror 
·! 

interposed optically .. between said first lens and said 

5 second lens. 

6. The display system of claim 5 wherein said relay 

optics module def ~nes an optical path which is qenerally 

c-shaped, said im4qe source providing said liqht directed 

rearwardly relat~ve to.· said user, and said c-shaped 
5 optical path extendinq from said imaqe source below the 

level of the eye of the user up to eye level. 

7. · The di.play system of claim 6 wherein said 

c-shaped optical path of said relay optics module 

transmits said lJ.qht from said imaqe source forwardly, 
1 . . . 

said. projection told mirror beinq located at the same 

5 level as and ahetd o~ said second lens element of said 

relay optics modqle, whereby said projection fold mirror 

reflects liqht from said imaqe source to said beam 

splitter laterally of said user and at eye level. 
! 

8. The display system of claim l wherein said image 

source includes ~n imaqe intensifier. 

9. The display system of claim 8 wherein said image 

intensifier includes an objective lens for receiving 

infrared light fr:am a second and focusinq said liqht on an 

imaqe intensifi•r tube, an imaqe intensifier tube 

5 receiving said focused infrared liqht from said objective 

lens and responsively providing a visible-liqht image 

replicatinq said.scene. 

10. The di!splay system of claim l wherein said 

combiner is a transparent plastic member havinq an 
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optically reflective inner- surface configured as a portion 

of a sphere. 

ll. The display system of claim l wherein said 

combiner is conf iqured in a qenerally aspheric shape. 

12 • The display system of claim 2 wherein said relay 
module comprises lenses formed of a material selected from 
the qroup includinq crown qlass and flint qlass material, 
said lenses providinq for correction of chromatic 

5 aberration. 

13 • The display system of claim 2 wherein said relay 

optics module comprises at least one lens. includinq a 
diffraction qratinq. 

14. 

least one 

includes a 

qratinq. 

The display system of claim 13 wherein said at 
lens of said relay optics module further 

refractive surface opposite to said diffraction 

15. The display system of claim 2 wherein asymmetry 
and keystone distortion occurrinq within said display 
system are corrected by de~centerinq said relay optics 
module relative to said imaqe source. 

16. The display system of claim 2 wherein asymmetry 
and keystone distortion occurrinq within said display 

system are corrected by de-centerinq a first lens. of said 

relay optics module relative to a second lens of said 

5 relay optics module. 

17. The display sys.tem of claim 2 wherein off-axis 

distortions of said display system are corrected by 
tiltinq said relay optics module. 
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18. The di~play sys~em of claim 2 wherein saici relay 
optics module irtcludes only a first lens and a second 

lens. 

19. The di$play system of claim 2 wherein said relay 
i . . 

optics module i~cludes a first lens qroup includinq a 
. I 

color-corrected rulti-le~s set, and a second lens qroup 
includinq a coloir-corrected m\2+ti-lens set, whereby said 

5 display system PFOVides a broad spectral (color) ranqe of 
image projection! to the user. 

20. The di~play system of claim l further including 
a liqht source ~or illuminatinq sa.id imaqe source, said 
imaqe source bei~q a reflective liqht-valve type of liquid 
crystal display.· 

21. The d~splay system of claim 20 wherein said 
light source indludes a light emitting diode {LED). 

22. The display system of claim 20 further including 
a condensinq lens havinq a focus at which said liqht 

source is dispo$ed. 

23. The d,isplay system of claim 20 further including 
i 

a second beam s~litter interposed optically between said 
light . source and said image source, said light source 

beinq laterally disposed with respect to said imaqe 
s source, and sai~ second beam splitter being anqulated to 

' 
reflect light fl!om said light source to said iaage s~urce, 
said second bea~ splitter also allowing light reflected 
trom said image source to pass therethrough to said user. 

~4. The display system of claim 23 further including 
a second imaqe •·source disposed laterally of said imaqe 
source and opposite to said liqht source, said second beam 
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splitter reflectinq light ~~om said second image source to 
5 said user. 

25. The display system of claim 24 wherein said 
second beam splitter also transmits liqht from said liqht 
source to said second imaqe source to illuminate the 
latter. 

26. The display system of claim 1 wherein said head 
qear includes a helmet, said helmet includes a laterally 
projecting portion, and said display system includes a 
projector housinq mounting to said laterally proj ectinq 

s portion of said helmet, said projector housinq receiving 
therein said image source and said relay optics module. 

27. The display system of claim l wherein said head 
qear includes a helmet, said helmet including a visor 

• having a portion whic~ is disposed in front of the eye of 
the user, said visor portion being confiqured to provide 

s said combiner. 

28. The display system of claim 27 · wherein said 
helmet carries said beam splitter interposed between said 
visor portion and the eye ot the user. 

29. An image-projection display system carried upon 
a helmet worn by a user and provided with a visor disposed 
in front of the user's eyes, the display system having 
improved image quality, and the display system and helmet 

s together having a low center of qravity on the user's head 
with low moments of inertia about both a vertical 
azimuthal axis and a horizontal elevational axis, said 
display system comprising: 

said helmet including a laterally projecting 
10 portion generaily below eye level of the user, said 

display system inclu~inq a projector housing mountinq to 
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said laterally projiecting portion of said helmet laterally 
of the user, said t>rojector housing receivinq therein an 

! 

imaqe source and a/relay optics module; 
said ima~e source being disposed below eye level 

and providing lighf forming an image to be projected to 
the user; 

said rel•y optics module receiving said light 
from said image s~urce and having lenses for projecting 
said liqht; 

I . 
said visfr defining a combiner portion disposed 

in front of the eye of the user, said combiner portion 
having an inner su~f ace which is concave rearwardly toward 
the user; ., 

an anqu~ated beam splitter interposed between 
said visor and th' eye of the user, said beam splitter 
being anqulated ab~ut a generally vertical axis to reflect 

~ . 

light received la~erally of the user forwardly and away 
from the user tow~rd said combiner portion inner surf ace 

! 
of said visor, sai~ combiner inner·surface reflecting said • 
light back throug~ said beam splitter to the eye of the 
user forming a virtual imaqe for the user; 

said relay optics module defines an optical path 
i • 

which is 9enerallYi c-shaped in side elevation view, said 
35 image source providing said liqht directed rearwardly 

relative to said ·user, and said c-shaped optical path 
extendinq from said image source below the level of the 
eye of the user µp to eye level: said projection fold 

. ! 

mirror being loca~ed generally at_eye level, whereby said 
40 projection fold ~irror ·reflects light from said image 

source to said b~am splitter laterally of said user to 
! 

said beam splitte~. 

' 
3 o. The dis.play system of claim 2 9 wherein said 

projector includf!S a first fold mirror interposed 
optically between· said. image source and a first lens of 
said relay optics.module. 

suesrm.ITE SHEET (RULE 26} 



W096/36898 

THIS SHEET HAS BEEN 
REPLACED 

25 .:· · .. 

' 11111111111111111111111111111 
* C L M S * 

PCTIUS96/07396 

3 l. The display system of claim 30 wherein said 
relay optics module includes said first lens and a second 
lens, said relay optics module includinq a second fold 
mirror interposed optically between said first lens and 

5 said second lens. 

32. The display system of claim 29 further includinq 
a second imaqe source providinq liqht f orminq a second 
imaqe, an anqulated second beam splitter disposed to 
transmit both liqht from said imaqe source and liqht from 

5 said second image source to said relay optics module. 

33. The display system of claim 31 wherein said 
imaqe source includes a liqht emittinq diode (LED). 

34. The display system of claim 31 wherein said LED 
is disposed laterally of said !maqe source, said second 
beam splitter being interposed optically between said LED 
and said imaqe source to both reflect liqht from said LED 

5 to said image source and to transmit liqht reflected from 
said imaqe source to said relay optics module, said second 
imaq• source being d"isposed oppositely to said LED, and 
said second beam splitter beinq disposed both to transmit 
liqht from said LED to said second imaqe source and to 

10 reflect light reflected from said second image source to 
said r~lay optics module. 
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