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Abstract

Since the introduction of the first modern (i.e., digital) vehicle displays,

designers and manufacturers have made significant advances in technologies

that improve image quality and enhance unit durability. Typically, these

advances have been targeted and discrete. For example, to increase brightness,

high efficiency light control films were deployed; to reduce nighttime

windshield glare, a light-directing louver film was incorporated into the liquid

crystal display (LCD) backlight. While this targeted approach to vehicle display

concerns has advanced performance—in many cases impressively—it may

have reached the limits of its effectiveness. For displays based on the most

common head-up display (HUD) architecture, shortcomings are often

interrelated. As such, they require a holistic or cabin human machine interface

(HMI) ecosystem approach that recognizes this interplay and, where possible,

addresses multiple issues simultaneously. Several new films, in concert

with existing film technologies, show how a cabin ecosystem strategy can

be implemented.
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1 | INTRODUCTION

Over the past several decades, advances in consumer
electronics have migrated quickly to automotive vehicle
displays. In the near future, this migration pattern could
be altered: It seems likely that automotive displays will
adopt and make commonplace some new technologies
before they achieve more than niche application in
conventional consumer devices. In particular, head-up

displays (HUDs) that incorporate augmented reality
(AR)—such as navigation systems that indicate
lanes, speed limits, and even road hazards on the
windshield—are already available in a range of vehicles,
with more on the way.1,2 Eventually, AR HUD displays
will likely be the price of entry for automakers in
anything but the lower tier markets.

This move to technology leadership is particularly
striking given the uniquely demanding environments in
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which these automotive displays operate. They must be
bright (so they are readable in bright sunlight) but do not
produce a windshield glare that would impede nighttime
visibility. They must be rugged enough to withstand
blasting heat, polar cold, high humidity, and the
vibrations from a washboard road, but they must
be small and light enough to fit in an increasingly
streamlined instrument console.

Several HUD architectures have arisen or are in
development in response to these challenges; these
include digital micromirror device (DMD) and
holographic technologies.3,4 For the purposes of this
paper, we have focused on the most common HUD
architecture in use today, which is based on an liquid
crystal display (LCD) picture generating unit (PGU) with
a two-mirror optical system. When employing this
common two-mirror HUD architecture, automotive
display manufacturers could address these challenges
discretely. Resolution could be improved with the
introduction of an upgraded LCD panel; brightness could
be improved with more and more powerful LEDs. Today,
this approach has reached the limits of its effectiveness.
Attempts to improve image quality often create new
problems in system durability (usually because of a
significant increase in heat) or give rise to unanticipated
new image problems (such as ghost images, which we
will discuss below).

Future display architectures—and dramatic improve-
ments in existing architectures—could transform how
drivers receive information from and about their vehicles.
For the near term, advances in the architecture featured
below will require a whole-system, cabin human
machine interface (HMI) approach that recognizes
the interrelationship between image quality, thermal
management, system size, and driver safety. Specifically,
new applications of multilayer reflective polarizer tech-
nology, along with other film technologies, will achieve
the desired improvements.

2 | AR HUDS

The development of wider view angle AR HUDs to cover
the entire roadway is a good example of how this
holistic approach can be efficient and rewarding for
display makers.

HUDs have been used in vehicles for decades and
offer multiple advantages over displays located below
the driver's optimal line of sight; primarily, these dis-
plays present critical information to the driver while all-
owing a constant focus on the road.5,6 This presentation
can be enhanced by incorporating AR functionality into

the HUD and expanding the field of view (FOV) to
cover the roadway; ideally, the AR would represent
a variety of image depths, with some images
appearing relatively close to the driver and others in
the distance.7–9

Notwithstanding these notable benefits, develop-
ment of AR HUD displays has been slow, due to prob-
lems with image quality, system design, and device
durability.10 For example: a primary image quality issue
results from conventional windshield construction, in
which two glass layers are laminated with an adhesive
(typically polyvinyl butryl [PVB]). With current HUD
technology, the image reflects off the primary inner
glass surface, while an unwanted secondary image or
ghost is reflected separately off the outer glass surface.
To correct for this artifact, manufacturers can fabricate
windshields in which the PVB adhesive layer has a
slight wedge shape. The PVB wedge causes the two
reflections to become nearly congruent. Unfortunately,
this solution works only for drivers within a fairly lim-
ited range of heights; taller or shorter drivers will con-
tinue to experience some ghosting. Additionally, the
performance of wedge adhesives is suboptimal for
larger FOVs, as skew light rays (due to the rake and
curvature of the windshield) will not be adequately
corrected. Furthermore, each new windshield design
requires a unique wedge geometry; this complicates
design, increases development iteration cycle length,
and results in a more complex final manufacturing
process.

An additional problem with existing HUD technology
derives from the polarity of light generated by current
PGUs. These devices generate images using the S-polarity
of light, which reflects well off of windshield surfaces at
most design rake angles. Unfortunately, S-pol light
is—by design—blocked by polarized sunglasses. As a
result, HUD images appear faintly, if at all, to drivers
wearing polarized sunglasses.

Finally, HUD development has been hampered by
thermal management issues. The temperature within a
PGU can ramp up because of both the energy needed
to produce a bright, easily readable image in all light
environments, and the infiltration of solar energy; the
larger aperture required for a full-windshield AR
HUD allows even more solar energy infiltration.
These high temperatures can affect unit durability
and reliability. When HUDs are designed to account
for these elevated temperatures, image brightness is
sometimes limited. The push to reduce PGU size—
concentrating image generation in a smaller and
smaller device—compounds these thermal load
concerns.
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3 | A HOLISTIC APPROACH TO
CABIN HMI

Rather than address these issues individually, system
designers need to use a whole-system approach
that recognizes the interactions between and among
components. In particular, the use of multilayer optical
polarizing films ensures an efficient and balanced
resolution and will ultimately allow for the rapid
implementation of some form of AR HUDs.

For almost three decades, multilayer optical films
have been key enablers in the development of LCD
devices from smaller portable electronics, such as laptops
and mobile phones, to huge 120-in TVs. These reflective
polarizers and mirror films have been shown to reliably
improve display efficiency, typically by 30%–40%.

A suite of such films, along with more conventional
infrared (IR) rejection and light control films, promises to
bring full-windshield AR HUDs to commercialization.

3.1 | Windshield combiner film

First, a new windshield combiner film (WCF) currently
in the final stages of development employs this proven,
multilayer optical technology to resolve S-pol image
visibility and ghosting issues while removing the need for
a wedge PVB and simplifying design. It achieves these
benefits when paired with a PGU that generates
P-polarity images (rather than conventional units that
generate S-pol images).

The WCF is laminated between the panes of wind-
shield glass using a conventional planar PVB adhesive on
either side (Figure 1).

WCF is a weak P-pol reflector, transmitting a larger
portion of incident unpolarized light but reflecting a
single P-polarity image that is visible under all conditions
(day or night, with or without polarized sunglasses) and
is insensitive to viewer height (Figure 2).

Crucially, a single image is reflected off the WCF
(because P-pol light is mostly transmitted through the
surfaces on both panes of glass near Brewster's angle of
incidence, θB).11 As a result, an adhesive wedge is no
longer required to eliminate ghosting. In fact, calculation
shows that within about ±5� of θB the surface-reflected
P-pol image is less than 1% of image luminance. Not
needing a wedge PVB results in significantly improved
design flexibility, development speed (a new geometry
does not need to be created for each new design), and
processability (including higher yields) (Figure 3).

The known inverse relationship between P-polarity
reflection and visible light transmission (VLT) can be
optimized by tuning the WCF to achieve the right
balance for each windshield. Tinted glass, for example,
will require a different balance between reflection and
transmission than a clear glass windshield. In general,
the VLT of windshields employing WCF will
remain above the mandated 70% transmission. In
other words, transmission will be comparable with
current windshields, and drivers will not experience any
reduced visibility.

Figure 4 shows how the WCF can be tailored
(by altering the layer thicknesses, layer configuration,
and materials) to achieve a display-maker's preferred
balance of reflectivity and VLT for different glass tints
and constructions (using a PGU that generates a P-pol
image). In most instances, an image produced by a
WCF-enabled windshield will be of equal or greater

FIGURE 1 Windshield combiner film

(WCF) is laminated between planes of a

windshield using a conventional polyvinyl

butryl (PVB) adhesive. WCF is optimized for an

incident angle of approximately 60o, but is

relatively insensitive to incident angle. HUD,

head-up display
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FIGURE 2 When a picture

generating unit (PGU) projecting P-pol

light is configured with a windshield

combiner film (WCF) windshield,

images are bright when seen through

polarized sunglasses

FIGURE 3 Windshield combiner film (WCF) eliminates the need for polyvinyl butryl (PVB) wedges to correct ghosting artifacts

FIGURE 4 With

windshield combiner film

(WCF), display makers have

multiple options for balancing

visible light transmission (VLT)

and reflectivity (%T P-pol) for

various glass constructions
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luminance than the image created by a current standard
HUD (i.e., �12,000–15,000 nits). As noted above, WCF is
relatively insensitive to incident angle (though it is
optimized for �60�).

Additionally, WCF can be implemented with an
asymmetrical windshield construction in which the
adhesive on one side of the WCF is significantly thinner
than the other (see Figure 5).

This geometry minimizes any film waviness caused
during lamination and effectively eliminates noticeable
associated reflected image distortion or “applesauce,”
which is a relatively low frequency (1–5 mm) wavy image
distortion. The mechanical and environmental properties
of this glazing geometry are currently being studied;
initial results show a durability that is similar in
performance to windshields with standard construction.
Asymmetrical construction also helps to reduce any small
(<1%) residual ghosting from P-pol reflection.

3.2 | IR rejection and cold mirror films

Several additional films address thermal management
issues, which take on greater importance as manufac-
turers migrate toward increasingly compact HUDs with
higher strength magnification and brighter images.12–14

The use of a WCF, combined with a P-polarity-generating
PGU, presents new avenues for reducing this
thermal load.

The first is an IR rejection film, such as Ultra Clear
Solar Film (UCSF), integrated into windshield
fabrication. These films greatly reduce the transmission
of light with wavelengths above 880 nm (Figure 6),
thereby protecting PGUs; they also greatly reduce cabin
solar thermal loading, which increases passenger comfort
and reduces the energy needed for cabin cooling.

The use of windshield IR rejection is not a novel
strategy, but it can be fraught with complications; in
particular, windshield fabrication can be significantly
more complicated when manufacturers integrate IR films
with PVB wedge adhesives. However, because WCF
eliminates the need for a PVB wedge adhesive to join
both panes of glass, it allows for new approaches to
windshield fabrication. Specifically, it allows a fairly
straightforward integration of IR rejection film.

Other opportunities for thermal management can be
found within the HUD unit. One solution is to replace
conventional metalized cold mirrors with an advanced
cold mirror film (CMF); this multilayer reflective
polarizer film is an extraordinarily effective mirror,
reflecting over 95% of the useful visible light (i.e., light
with the orthogonal polarization) output from the LCD.

FIGURE 5 Glazing options with combiner

film: asymmetrical adhesive layers retains safety

and durability while improving visual quality.

PVB, polyvinyl butryl ; WCF, windshield

combiner film

FIGURE 6 Dramatic reductions in infrared

(IR) heat (achieved by IR rejection films

configured with IR-absorbing polyvinyl butryl

[PVB]) minimizes solar energy impact on

picture generating units (PGUs); this

configuration also increases cabin comfort and

reduces demand on air conditioning (AC) units
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At the same time, it protects the PGU from solar
infiltration by transmitting half of the sun's visible light
and over 90% of near-IR (NIR) energy (Figure 7).

Depending on the HUD design, the cold mirror film
can produce unwanted visual artifacts on the display.
Specifically, as half of the visible light passes through the
CMF, it can create interior reflections (also called stray
light). For example, the light can reflect on screw heads
or the contours of the casing. These stray light effects can
be eliminated using a visible light absorptive layer behind
the CMF. With the proper location and design of the
visible light absorptive layer, the thermal benefits of CMF
can be achieved without the concern of stray light.

Because the CMF is a polarized reflector, it can also
tune the output polarization orientation for optimal
image quality for skew angle light incident onto the
windshield due to windshield curvature and high FOV
HUDs. This issue of skewed light will become more
significant with the rise of large FOV AR HUD. New
research indicates that a slight rotation of the CMF can
ameliorate some of the problems associated with skewed
light by adjusting the output polarization; initial tests sug-
gest that polarization can be altered within ±10% without
losing more than 1%–3% luminance (incidentally, in
windshields that do not employ WCF, the CMF can be
rotated to optimize the mix of S-pol and P-pol light
desired for a given HUD unit/windshield configuration).

3.3 | Other reflective polarizers

Other reflective polarizers can be used throughout the
HUD to reduce solar energy and heat from the LCD
panel. Applying a reflective polarizer to the dust cover

(see Figure 8) will protect the PGU from the thermal
impact of incident solar energy; applying a reflective
polarizer to the PGU's LCD panel will reject
solar and/or PGU heat loading and thereby reduce
the temperature.

When applied in concert, these films can significantly
reduce the heat to which the PGU is subjected. In one
HUD example, PGU heat was reduced by as much as 5�C
after approximately 20 min of simulated sunlight
exposure simply by replacing the conventional cold

FIGURE 7 Cold mirror film (CMF) (based on reflective polarizer technology) enables efficient transfer of polarized light to the

windshield head-up display (HUD) but allows only approximately 28% of solar irradiation to be reflected onto the liquid crystal display (LCD)

FIGURE 8 Integrating a reflective polarizer into the picture

generating unit (PGU) dust cover can reduce visible light (and solar

heat) infiltration by approximately 50%. IR, infrared
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mirror with CMF (see Figure 9 for experimental setup*).
A similar 5�C reduction was achieved by adding either a
dust cover polarizer or a front LCD panel polarizer to the
conventional cold mirror.

In this test case, the LCD temperature reduction can
be doubled to approximately 10�C by combining 3M
CMF with a single rear LCD panel polarizer or by com-
bining the conventional cold mirror with two films
(either a dust cover polarizer and a rear LCD panel or
two LCD panel polarizers) (Figure 10). The first configu-
ration, with one less component, is obviously simpler and
easier to process.

3.4 | Other films for driver information
display and center information display
application

Other displays within the cabin can affect the AR HUD;
managing those displays—again, as part of a whole-system
approach—will ensure the optimal in driver safety and
convenience. A good example of this are the multiple dis-
plays that comprise the driver information display (DID)
and the center information display (CID), including back-
up camera screens, maps (which can be displayed along
with the HUDs turn-by-turn navigation), entertainment,
and heating/cooling information. When these displays

appear in a brow-less dashboard, the resulting glare has
the potential to reflect off the windshield at night (and
make it more difficult for the driver to see the road).

The glare from the DID and CID can also interfere
with the drivers' ability to read the AR HUD; this, in
turn, can increase the need for AR HUD brightness,
which in turn can affect heat and PGU durability. This
glare can be effectively managed through the application
of microreplicated louver films that direct light to the side
(where the driver and passenger sit) and block it from the
windshield—another example of the value of taking a
holistic approach to the design of the cabin ecosystem.

Other improvements to the DID and CID can also
affect the overall cabin ecosystem by improving efficiency
and reducing heat. The use of a reflective polarizer film
in these displays can increase display efficiency by as
much 30%, thereby requiring less power (and generating
less heat) while still achieving the brightness needed to
surpass the ambient light during daylight hours. The
reduction of heat in the DID and CID, as in the HUD
PGU, will improve system durability.

4 | CONCLUSION

Vehicle displays, particularly large FOV AR HUDs,
have seen impressive advancements in recent years. To
continue this progress—and make AR HUDs common-
place in the not-distant future—display manufacturers
using the most common HUD architecture will need to

FIGURE 9 Experimental thermal measurement set-up to

examine liquid crystal display (LCD) temperature reduction. HUD,

head-up display

FIGURE 10 Liquid crystal display (LCD) temperature can be

significantly reduced using several configurations; cold mirror film

(CMF) and rear panel reflective polarizer achieve benefits with

fewest components

*While the lamp used in the setup did have a spectrum similar to the
sun, it was not collimated so it did not focus onto the LCD the way

sunlight would. In a real-world (sun) situation, the temperature
difference might be quite a bit higher.

VAN DERLOFSKE ET AL. 923



adopt a holistic approach that addresses the interrela-
tionship between key benefits (such as image brightness
and quality) and key concerns (such as risks to unit
durability from solar energy and the heat generated by
the LCD panel).

In this paper, we have discussed how new WCFs can
enable AR HUDs while also

• eliminating the need to PVB adhesive wedges in win-
dow construction,

• allowing display readability while wearing polarized
sunglasses (when the display incorporates a P-pol
PGU), and

• allowing an easier integration of IR rejection film.

The driver safety and convenience benefits of the AR
HUD would not be possible, though, without other new
films that can manage the solar energy and heat from the
LCD panel. This thermal management can be effectively
managed with a cold mirror film and reflective polarizers
on the dust cover and the LCD panel. In addition, a
microreplicated louver film can manage the potential
glare from other displays within the cabin to remove
distractions from windshield and window reflections,
which can affect the demands on HUD performance.

All these films are commercially available with the
exception of WCF, which will be launched within the
next year.15 This means that a holistic approach to HUD
design using these tools is not only desirable but also
practical.
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