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Abstract: A recent advancement was achieved in the integration and
miniaturization of a binocular head-worn projection display (HWPD)
conceived for fully mobile users. The devised display, referred to as Mobile
HWPD (M-HWPD), offers see-through capability through custom-designed,
light-weight projection optics and an integrated commercial-off-the-shelf
(COTYS) retro-reflective screen to display full color stereoscopic rendered
images augmenting the real world. Moreover, the light-weight optical
device (i.e., approximately 8g per eye) hasthe ability to project clear images
at three different locations within near- or far-field observation depths
without loss of image quality. In this paper, we first demonstrate the
miniaturization of the optics, the optical performance, and the integration of
these components with the retro-reflective screen to produce an M-HWPD
prototype. We then show results that demondtrate the feasibility of
superimposing computer-generated images on a real outdoor scene with the
M-HWPD.
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1. Introduction

The factors that drive the design of head-worn display systems (HWD) are cost effectiveness,
portability, and light-weight packaging with an ergonomic form factor, as well as at least a 20
degree field-of-view (FOV.) A recent review of HWDs was reported in [1]. Among HWDs,
the head-worn projection display (HWPD) has attracted much interest because of its wide
FOV (i.e., greater than 40 degrees) distortion-free images. Fischer, the initial developer of
HWPD systems, employed a combination of projection optics and a retro-reflective screen
placed in the environment to develop a projection-based HWD assisted by a crane [2]. The
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first prototype was developed with commercia off-the-shelf (COTS) projection optics and a
COTS retro-reflective screen. The major benefit of using a retro-reflective screen instead of
various other projection screens is the small scattering angle of the screen that maximizes the
brightness of the return image. Since 1998, Rolland and her team have developed prototype
HWPDs utilizing custom designed projection optics integrating a combination of glass and
plastic components, thus reducing the overall weight of the system (e.g.., as low as 6 grams
per eye.). The prototypes have included aspheric surfaces and diffractive optical elements
(DOEs) to experiment with the tradeoffs of reduced weight and overall image quality. [3]

Until recently, a limiting factor that constrained the use of HWPD technology was the
requirement to place the retro-reflective screen in the environment, thus restricting its use only
to indoor areas. While there are many indoor applications, there are also many outdoorr
applications of interest. Developing a HWPD systemsthat is functional outdoors is the driving
force behind the research reported in this paper. Our work is focused on conceiving and
developing an HWPD with a retro-reflective screen integrated within the system itself,
thereby providing full mobility. The resulting HWPD system will be referred to as a mobile
HWPD (M-HWPD.) Although this integration presents several challenges, the positive results
obtained with the conceived system provide the impetus for the continuation of our research
to move the M-HWPD technology described here to afull-scale commercial solution.

In this paper, we will first review the principle of a binocular M-HWPD that integrates
projection optics, an imaging lens, and a retro-reflective screen, and show the newly
developed assembly of the first M-HWPD prototype. Next, we will demonstrate the feasibility
of replacing eyepiece-based (also caled direct-view) HWDs with moderate FOVs (>20
degrees), extensively used since the 1960s for various indoor and outdoor applications, with
projection based M-HWPD. Furthermore, we will establish the requirements for a custom-—
designed, retro-reflective screen for imaging applications and we will demonstrate a typical
augmented reality (AR) image captured outdoors using the M-HWPD described in this paper.
Finally, we conclude with an overall assessment of the M-HWPD technology and a discussion
of follow-up research planned by our group to advance this emerging technology.

Previously, as a proof of concept, we assembled a monocular bench setup consisting of a
retro-reflective screen and an imaging lens (L;) along an aternate optical path (Path 2)
provided by a beam splitter, as shown in Fig. 1(a) [4]. The bench setup was made up of a 100
mm diameter lens L; with axx mm focal length integrated with a 100-by-100 mm section of a
COTS retro-reflective screen. The observed results illustrated the feasibility of integrating a
retro-reflective screen with an HWPD. As a result, the research progressed into an actual M-
HMPD, which is first demonstrated in this paper and is shown in Fig. 1(b-c). The driving
criterion for the M-HWPD prototype design was compactness while using a COTS lens and
retro-reflective screen. In addition to the demonstration of the M-HWPD concept in an actua
HWPD system, a new design to mount the display is presented that incorporates a flexible hat
for mounting optical components and distributing the weight uniformly on the user’s head.
Thisthat the headset can be worn for extended periods of time[5].
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Fig. 1. (a) First order layout for one eye of the see-through M-HWPD with retro-reflective
screen placed along Path 2. (b) Assembly of a binocular see-through M-HWPD with robust
titanium mounting structures and the integrated retro-reflective screen. (c) User wearing the
binocular M-HWPD

2. M-HWPD System

The M-HWPD, similar to the HWPD, utilizes a micro-display, which then motivates the
choice of FOV and visual performance. A typical layout is shown in Fig. 1 (a). The essence
of the M-HWPD innovation is in transferring the physical retro-reflective screen from the
environment to the headset, thus integrating it within the headset at the conjugate image plane
location of the projection optics. This is achieved by imaging the retro-reflective screen in the
M-HWPD using an imaging lens L;. Without such imaging lens, the integration would lead to
a non-resolvable virtual image, since the retro-reflective screen would not lie in the image
plane. Quantitatively, in the configuration without L, the amount of blurring produced would
result in an unfocused image with a resolution of >400 arcmin, rendering the image
undistinguishable. An imaging lens L, is thus placed between the projection optics and the
retro-reflective screen, allowing the physical screen to be optically imaged in front of the user.
The imaging distance can be varied by adjusting the imaging conjugates of the projection
optics and the location of the retro-reflective screen with respect to the focal point of L;. For
example, if it is desirable to work with a collimated image, the projection optics is optimized
to form an image at optical infinity, and the image of the retro-reflective screen will be set to
infinity by placing it at the focal point of L; However, in many instances, the optical image
will reside at afinite distance from the user, and thus the physical screen will be placed inside
thefocal point of L.

In the current design, which uses a COTS lens L, the entire optical system has an overall
length of approximately 120 mm measured from the micro-display to the retro-reflective
screen.  In practice, one could design the lens L; to be telecentric, however this would
sacrifice one of our primary design criterion for the most compact solution. The configuration
is based around a 15 mm eye relief, which was aso selected in order to maximize the
compactness of the system. An eye relief of 25 mm has been recommended with a 95"
percentile human head circumference (MIL-STD-1472D), with a minimum of 15 mm needed
for eyeglasses to be comfortably worn with the HWPD. Although the 15 mm eye relief does
not provide adequate distance for all users with eyeglasses, we can custom fit for near- and
far-sightedness by refocusing the projection optics.

Theoretically, the most compact overall length is achieved with the shortest focal length
possible for L4, but the latter is limited by the diameter or equivalent F-number of L,. Because
of the retro-reflective screen properties (i.e. the light falling on the retro-reflective screen is

#84238 - $15.00 USD Received 19 Jun 2007; revised 22 Sep 2007; accepted 14 Oct 2007; published 19 Oct 2007
(C) 2007 OSA 29 October 2007 / Vol. 15, No. 22/ OPTICS EXPRESS 14532



reflected back on itself, creating a condition similar to phase conjugation), in principle the
imaging lens L, can satisfy the first-order imaging properties (i.e. the optical path difference,
or the OPD, will be zero if all the light is perfectly retro-reflected back on itself). Thus, from a
geometrical optics perspective, a compact Fresnel lens can serve as the imaging optics in
place of L;, However, as the F-number decreases, the grooves of the Fresnel lens get deeper,
affecting the light transmission properties of the Fresnel lens and creating an image with
significantly reduced sharpness. Therefore, in practice, an F-number of 0.7 may be considered
to minimize transmission losses, which is close to the limits of state-of-the-art fabrication
techniques. Also, there is a trade-off between increasing the accuracy of the Fresnel lens
phase profile and minimizing the diffraction by the Fresnel grooves; as the number of grooves
increases, light throughput through the Fresnel lens decreases. The quantification of these
parameters is beyond the scope of this paper and will be reported in afocused investigation of
acustom Fresnel lens as one solution to creating a compact module for the M-HWPD

2.1 Microdisplay Device

The M-HWPD prototype reported in this paper is based on a COTS organic, light-emitting
micro-display (OLED), with a 0.6 inch diagonal, composed of 800-by-600 pixels. Thisisthe
display source for the projection optics. The mgor benefit of selecting the OLED micro-
display compared to other COTS micro-displays is that its composition (as a series of thin-
film, organic substrates sandwiched between two conductors producing a self-emitting display
source on a chip) reduces the bulkiness of the electronic components as well as removes the
requirement for an external light source [5]. Such a micro-display facilitates the design of a
compact and light-weight optical assembly and minimizes the complexity of the opto-
mechanical assembly as well. Our requirement for the most compact display narrowed our
choice to an OLED SVGA micro-display for the design. The tradeoff in OLEDs is reduced
brightness compared to custom designed LED-based illumination schemes that are commonly
used in LCOS, LCD, and DLP micro-displays [6]. Because one of the HWD main research
goals is establishing the most compact solutions, the geometry of the M-HWPD presented in
this paper will provide a path to viable compact commercial solutions as OLED micro-
displays, or equivalent self-emitting technologies emerge. Approaches based on external
illumination that are highly relevant for today’s product development will become less
relevant for the long-term advancement of HWD technology [7].

2.2 Projection Optics

The FOV specified for the projection optics was driven by the visua requirement for the
angular resolution of the display, etimated as the ratio of the FOV to the total number of
pixels. The projection optics was designed to provide a 42 degree diagonal FOV, yielding a
2.4 arcmin resolution, set by the angle subtended by one pixel of the micro- display. Given the
display height and FOV, the effective focal length of the projection optics is calculated to be
19.85 mm. The chosen FOV combined with the binocular requirements imposed by the user’s
face limited the diameter of L; to 30.5 mm. In addition, the projection module was tilted by
approximately 10 degrees as shown in Fig. 1 (b) to eliminate the possibility of contact
between L; and the user’s face. This tilt angle further imposed a required compensating tilt of
the beam splitter, also shown in Fig. 1 (b), for the user to perceive correctly aligned images.
Finally, the compactness of the system was limited by the distance from L; to the 29-by-22
mm retro-reflective screen. This distance was determined by the focal length of L; with
respect to the F-number. In order to reduce the cost of implementing the prototype of the
current system design a COTS F/1 imaging lens was selected yielding a focal length of 30.5
mm and a profile consisting of 5 groovesmm.

Various applications may require different operating distances, but state-of-the-art HWDs
typically offer only one optimal viewing distance. Here, the projection optics were optimized
for multiple (3 in this case) viewing distances simultaneously, 1.5m, 3.5m and infinity. The
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effectiveness of this optimization technique, which could be applied to any HWD, has been
validated in human perception studies [8]. For example, if the tasks to be performed are
solely in the far field, it is optimal to set the distance of the optical image for each eye to be
located beyond 6 m (i.e, a optica infinity). If the desired application aso involves the
manipulation of objects in the near field, the optical system has been designed to also form a
sharp optical image at 1.5m. While the optimization for multiple conjugates reduces slightly
the performance at all viewing distances, the loss in resolution is small compared to the gain
in functionality. In this system, the same projection optics module, as shown in Fig. 2, can be
effectively used for all three viewing distances by adjusting the back focal distance,, which is
accomplished by a slight rotation of the optics barrel.

Fig. 2. Monocular lens-mount assembly.

The M-HWPD was designed for a 12 mm exit pupil diameter, which comfortably allows
for natural eye movements within the 42 degrees FOV without vignetting. It is important to
note that the pupil of the optical system is located within the optics in a HWPD, which
together with the integration of the beam splitter oriented at 90 degrees, yield a projection
optics pupil that is the optical conjugate of the eye’'s pupil. Because the pupil isinterna to the
projection optics, the M-HWPD can be more easily corrected for optical distortion. In
contrast, conventional eyepiece-based HWDs provide an external pupil making it not only
challenging to control distortion but also to minimize the weight of the eyepiece optics, which
increases as the cube of the FOV.

The optical performance was characterized by evaluating the polychromatic modulation
transfer function (MTF) for the full 12 mm pupil. The MTF plots predict the contrast as a
function of spatial frequency for three optical images distances (1.5m, 3.5m, and infinity). The
maximum spatial frequency of interest is set by the 15 um pixel size of the miniature display.
The Nyquist frequency was computed using the pixel diagonal size, which is approximately
24 cyclesmm. The lens was designed to support a minimum criterion of 20% modulation
across al FOVsfor a12mm effective eye pupil at 24 cyclessmm. If this performance metric is
satisfied across the full pupil, it will be satisfied for the 3 mm effective pupil as well asfor all
of its decentered values. The MTF curves across the full 12 mm pupil are shown in Fig. 3.
Results show that the design exceeds the design specifications required to produce a well-
balanced image quality across the entire FOV. The fact that the MTFs across the three
different image depths are quite similar in value indicates that our projection optics have been
corrected effectively for al three image distances.

#84238 - $15.00 USD Received 19 Jun 2007; revised 22 Sep 2007; accepted 14 Oct 2007; published 19 Oct 2007
(C) 2007 OSA 29 October 2007 / Vol. 15, No. 22/ OPTICS EXPRESS 14534



P et e ] ik e )

(a) (b) (c)
Fig. 3. The MTF plots for a projected scene located at (a) 1.5 m, (b) 3.5 m, and (c) infinity
based on a 12 mm pupil diameter for the projection optics.

Another key benefit to a projection-based HWD versus an eyepiece (direct-view) HWD is
the low percent distortion across the image. In the current projection system, we were able to
limit distortion to a maximum of 1% acrossthe field at all the three image distances, as shown
in Fig. 4. By utilizing a projection system, the inherent properties of a lens system that is
symmetrical about the stop are used to substantially reduce the odd aberrations such as
distortion, coma, and lateral chromatic aberrations. In contrast, in an eyepiece system that has
an external stop, symmetry is not possible. An eyepiece system is commonly accepted as well
corrected for digtortion if distortion is limited to 3-5%, although distortions in the range of 8-
12% are common with a FOV of 60 degrees.
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Fig. 4. Distortion plots for a projected scene located at (a) 1.5 m, (b) 3.5 m, and
(¢) infinity across the full 12 mm of the projection optics.

2.3 Retro-reflective screen

The M-HWPD system is currently hindered by the COTS retro-reflective screen. Various
COTS retro-reflective screens were investigated and found to be fabricated with corner-cube
microstructures of approximately 150 um. By integrating such retro-reflective screens with
imaging optics, the microstructures are magnified by L; and become visible on the image
plane, which reduces the perceived computer-generated image resolution. In addition, the
large corner-cube microstructures yield an additional degradation in image sharpness caused
by the retro-reflected rays departing a maximum of 150 um from their incident location on the
Fresnel lens, causing residual optical aberrations. To eliminate the loss of resolution caused by
the retro-reflective screen and thus improve visual performance, we have established design
requirements for a custom-designed, retro-reflective screen that should result in a
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miniaturization of the microstructures, whose perceived sizes would be below that of human
visual acuity. Throughout our further discussion, we will consider only corner-cube-based
retro-reflective screens.

There are two key aspects of imaging with an integrated retro-reflective screen that affect
the selection of first order parameters. The first is the construction of the corner-cube
microstructure in terms of retro-reflected angle, and the second is the magnification produced
by L;. Provided that the retro-reflective screen is manufactured with three perfectly
orthogonal surfaces, the rectilinear propagation from a point entering the surface lens L; will
also exit at approximately the same position after retro-reflection. By satisfying this condition,
the incident and retro-reflected angles will be equal for a corner-cube design with orthogonal
surfaces. We can also conclude that the properties of the retro-reflective screen are of greater
importance than those of L;, since the light entering the lens exits the lens at approximately
the same location after being retro-reflected. Thus L, regardless of its physical properties
except those affecting its transmission, will yield a zero optical path difference between the
incident and transmitted light, canceling the optical aberrations. The second requirement of
the retro-reflective screen is the required aperture size and depth of the trihedral corner-cube
after the magnification produced by the lens L;. It should be noted that if we implement a
shorter focal length, the magnification of the microstructures will increase and the pixel width
of the image at the screen will decrease, making it even more difficult to fabricate a
miniaturized microstructure. If we consider the first order layout, as shown in Fig. 5, the
height of the virtual image hygjecion, given by the projection optics module, is perceived at a
distance zy gjection and Will subtend a FOV with a half angle Gnar.rov, as given by

hprojection = Zprojection tar‘l(ehalf—FOV ) (1)

Therefore, the image seen through L, located at a distance zige Will yield a slightly magnified
image with respect to the OLED size hg, gp and distance zo gp given by:

ificat h ,
Magn|f|cat|on:( o | _ (Zise | (2)
OLED Zoieo
| | | L ................................................. |
Projection Optics Lo hprojectioné
IhOLED himage . [
Zprojection

A
v

Fig. 5. Monocular Lens-Mount Assembly.

When an image is formed on the retro-reflective screen with the appropriate magnification
defined by Eqg. (2), we can separate the image into individua pixels and compare the pixel
area versus the trihedral aperture area. In the condition where a single pixel area is smaller
than the area of asingle trihedral aperture, multiple pixels, each with their own corresponding
color, will be inverted with respect to their neighboring pixels. This occurrence is caused by
the corner-cube construction, which will invert the incoming pixel information. Consequently,
alocal inversion will occur within afinite area reducing the resolution. In our case, the COTS
screen has aratio of pixel areato trihedral aperture area of approximately 25/1. Therefore, we
expect that the image will clearly show artifacts, such as an array of magnified corner-cube
structures, as well as an AR image with aloss in resolution compared with the initial 800-by-
600 OLED resolution. In contrast, with the area of a single pixel being greater than the
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aperture area of the trihedral corner-cube, the local inversion will only occur on each emitted
pixel color. Inverting the color of any individual pixels will not directly affect the overall AR
image. Therefore, it is desirable that the custom-designed, retro-reflective screen have a
smaller trihedral aperture areathan pixel area.

3. Display Results

To show the fidelity of this new integrated platform, we assembled the M-HWPD and
qualitatively assessed its visual performance outdoors late in the afternoon on a cloudy day.
One additional step was taken to enable the M-HWPD to function outdoors; a laptop
computer was used to render the visual scene along with two polarizers located in front of the
beamsplitter, which attenuated the ambient light to adjust the relative illumination of the AR
image with respect to the outdoor illumination. An aternative to the polarizers will be to
employ emerging electrochromic technology to adaptively control the outdoor light that goes
through the beam splitter. Our experience indicates that a challenge associated with this
emerging technology is the deposition of electrochromic material on a curve substrate. The
test image shown in Fig. 6 (a) was captured by placing a digital camera at the exit pupil
location of the M-HWPD, and the result is shown in Fig. 6 (b). As expected, the image clearly
resolves the magnified corner-cube microstructures from the COTS retro-reflective screen,
reducing the overall SVGA resolution. Moreover, a loss in resolution occurred because the
large microstructures ultimately reduced the test image from 530-by-404 pixels to 106-by-80
pixels. Thislossin resolution is precisely consistent with the 25/1 ratio of the corner cube size
to OLED pixel size discussed in Section 2.3. Current research is in progress to fabricate an
array of miniature trihedral microstructures with orthogonal surfaces of depths 8-10 um. [9].
Thus, it is our hypothesis that the loss of resolution can be overcome by developing a custom
retro-reflective screen with trihedral microstructures having an aperture length a that is less
than or equal to half a pixel width and a depth d related to the aperture as d =6°%-a [9]. For
our application, we require a trihedral length of approximately 11 um with a corner-cube
depth of 4.5 um. The miniaturization of the corner-cubes will ensure that the custom-designed
screen maintains the fidelity of the AR image.

(@ (b)

Fig. 6. Image (a) represents the test image to be superimposed in the outdoor scene (b) is
the augmented reality image captured outdoors by a digital camera located at the projection
optics exit pupil location. While currently at reduced resolution, given the need for new
microstructure films, the parrots were successfully superimposed on outdoor trees seen as a
detailed texture in the background.

4. Conclusion

In this research, we demonstrated a fully integrated, see-through, wearable M-HWPD as a
novel method of utilizing HWPD technology for mobile outdoors applications. Currently, the
integration yields optical elements in close proximity to the user’s mouth that could present
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condensation and fogging with cool outdoor temperatures. An immediate solution is to embed
a dense fabric cover to shield the retro-reflective screen and the Fresnel lens from unwanted
condensation and potential other environment effects. With the addition of light control
devices, for example, photo or electrochromic windows to attenuate the external light, and a
custom designed retro-reflective screen, the M-HWPD design can ultimately provide SVGA
quality computer generated images superimposed on top of the natural environment at various
levels of illumination. Future research will focus on the development of custom designed,
nano-fabricated, retro-reflective microstructures, as well as novel micro-optics designs to
replace the Fresnel lens and retro-reflective screens for more compact solutions. Finally, the
development of an electrochromic window for the M-HWPD can provide a feasible solution
for adjustment of the ambient light, thus achieving optimized imaging in outdoor
environments.
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