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ight and flight have gone together since the era of 
Greek mythology, when Icarus flew too close to the 
Sun, and the heat melted his wax-and-feather wings. 

Today, in the second century of mechanized human flight, the 
technologies of visible and infrared light are making aviation 
safer and more efficient.

From the perspective of commercial jet passengers, many of 
the optical applications in aviation are less than obvious—except 
perhaps for the laser-powered bar-code reader at the boarding 
gate. But photonics plays crucial roles behind the scenes.

Just as in ground-based telecommunications, optical fibers 
are replacing copper wires in airplanes to reduce vehicle weight 
and provide signals free from electromagnetic interference. 
Ring laser gyroscopes keep the aircraft straight on course. 
Modern display screens connected by optical fibers provide 
diverse entertainment options for long-haul passengers. As 
aircraft manufacturers seek to substitute composite materials 
for aluminum and other metals, scientists are developing inno-
vative new techniques—many involving lasers—to fabricate 
airframe components. 

This article provides a snapshot of several ways in which 
lasers, fiber optics and related technologies will make civil-
ian airplanes better over the next decade or so. It excludes the 
security-screening applications in the airport terminal, as well 
as scientific instruments that must be flown on aircraft, such as 
lidar systems for remote sensing.

Head-up displays and head-worn displays

In the flight deck interface technologies group at NASA 
Langley Research Center in Hampton, Va., U.S.A., researchers 
are studying new ways to give pilots the information they need 
without requiring them to take their eyes off the skies.

A head-up display, or HUD, projects the image of one or 
more cockpit display screens onto a transparent surface, so that 
the information from the screen is overlaid on the view the 
pilot sees through the aircraft windshield, said Randy Bailey, 
lead aerospace engineer with the NASA Langley flight deck 
group. As shown in the figure above and on the right, the opti-
cal path of the HUD incorporates magnifying and collimating 
lenses and a thick piece of glass for the transparent screen.

HUDs originated in military aviation so that fighter pilots 
could monitor their airspeed and angle of attack as they 
swooped in on a target. The earliest military systems date to 
the late 1950s. However, it took a long time before HUDs were 
considered as an option for commercial jetliners: Although 
early systems were built in the 1970s, it wasn’t until the 1990s 
that they were thought to be potentially cost-effective on a 
broad scale.

With HUD data in their visual field, commercial pilots 
can get what U.S. and international aviation officials 
call “operational credit,” which allows them to perform 
maneuvers that they could not do without the data. For 
instance, Bailey said, air traffic control would allow pilots in 

HUD-equipped planes to conduct an approach to an airport 
under lower-visibility conditions than what they would other-
wise be allowed to do.

Typically, poor weather conditions cause aviation authori-
ties to require planes to fly under “instrument flight rules,” or 
IFRs, which for the casual pilot are significantly more complex 
and require more training than “visual flight rules,” or VFRs, 
which are intended for clear-sky conditions. At busy airports, 
the imposition of IFRs may enable a lower “throughput” 
of departures and arrivals because the planes must be more 
widely spaced during takeoffs and landings than they are 
under VFRs. One goal of U.S. aviation officials is to develop 
technology for “equivalent visual operations,” meaning that 
planes could land and take off at the same pace—and level of 
safety—under IFRs as VFRs.

HUDs reduce the visual accommodation—the need to 
refocus one’s eyes—necessary for pilots to move their eyes 
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from their instrument panel to the 
distant view through the windshield. 
A 2009 worldwide study by the Flight 
Safety Foundation found that HUDs 
“prevented or positively infl uenced” 38 
percent of accidents overall in modern 
jet aircraft. Where pilots were directly 
involved in incidents—takeoff s, land-
ings or loss of control in fl ight—the 
study said that HUDs increased the 
likelihood of accident prevention by 
up to 69 percent. Other studies have 
shown that pilots viewing fl ight 
path data through HUDs, instead of 
through glances at the cockpit displays, 
made more effi  cient landings with less 
wear and tear on the aircraft.

Despite their capabilities, some 
HUDs, especially older models, have 
the drawbacks of large size and weight. 
Many airplanes can’t have head-up displays, Bailey said, 
because they’re just too bulky and heavy for the cockpit. Some 
HUD systems weigh upwards of 25 lb (11.3 kg). Th e ideal 
head-worn display would weigh only 1 percent of that. One 
U.S. airline has estimated that, for every pound of weight 
removed from each aircraft, the fl eet would save 12,000 gal-
lons (45,400 liters) of fuel annually.

Th us, Bailey’s group is studying the feasibility of design-
ing head-worn displays for commercial and general aviation. 
Since fi ghter pilots are accustomed to wearing helmets, HUD 
technology was not diffi  cult to integrate in the military 
world. However, airline pilots would probably resist wearing 
helmets during standard operations.

“A head-worn display has to be very lightweight, very unob-
trusive, and relatively rugged to withstand the day-to-day wear 
and tear of use inside a normal airplane cockpit,” Bailey said. 
He envisions a display apparatus, either worn like a pair of eye-
glasses or mounted on the side of an eyeglass frame, that would 
perform the same functions as a HUD, only with a signifi cant-
ly smaller cockpit footprint. Such an apparatus could track the 
pilot’s head movements to provide a wider fi eld of multi-layered 
view than the relatively small, fi xed screen of an HUD.

According to a recent article by Bailey and his colleagues, 
some aerospace companies are trying to reduce the cock-
pit volume occupied by a HUD system. For example, BAE 
Systems of Kent, England, recently introduced Q-HUD, a 
lighter-weight system (with a mass less than 10 kg) that uses 
waveguide optics instead of a conventional projector.

Potential markets for the head-worn displays include planes 
where it would be impractical or too costly to install HUDs on 
an after-market basis. Some cockpits may not accommodate 
the volume of the system, or they may not have convenient 
places to attach the combiner screen and wiring harnesses.

Sensing with fi ber optics and 
quantum dots

Recently, the NASA Langley group devel-
oped fi ber-optic sensors that can be used 
as part of a vehicular or structural health 
monitoring system. According to K. Elliott 
Cramer, head of Langley’s Nondestructive 
Evaluation Sciences Branch, these sensors 
could someday track the shape of an air-
craft wing during fl ight.

NASA researchers designed a three-core 
optical fi ber incorporating low-resistance 
fi ber Bragg grating strain sensors. “It’s like 
having three optical fi bers in one,” Cramer 
said. “It allows you to write your strain 
gauges in three diff erent axes all in one 
optical fi ber.”

Th e relative change in the positions of 
the gratings in the cores reveals the three-

dimensional change in position of the object to which the fi ber 
is attached. Th e agency claims positional accuracy of better 
than 1 mm over a fi ber up to 10 m in length.

Th e special fi bers could be embedded on the edge of a 
wing, aileron or other deformable airplane part that under-
goes strain during fl ights, and the sensors could provide an 
idea of the stress load the part is enduring and the amount of 
deformation it is undergoing in near real time. In the future, 
such fi ber sensors could be crucial components of active 
feedback systems that control the amount of deformation of 
a dynamically shaped wing. Such controls will become more 
important with lighter-weight materials that bend more easily 
than older aircraft materials.

NASA Langley has its own drawing tower, so research-
ers can write the fi ber Bragg gratings directly onto the 
optical fi bers during the manufacturing process prior to 
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the application of the coating. If the researchers purchased 
communication-grade optical fiber from a vendor, they would 
have to remove the coating from the fiber, use a laser to write 
the fiber Bragg gratings and then reapply the coating. “When 
you do it that way, however, that sometimes degrades the per-
formance of the grating or even the optical fiber as a whole,” 
Cramer said. “By etching the lines during the fabrication 
process, it allows us to get higher-sensitivity gratings, and we 
can much better control the entire process.”

By altering the fiber coatings, researchers can make sensors 
that are sensitive to strain, temperature, moisture ingression 
or the presence of certain chemical species, Cramer said. He 
hopes that the fiber-sensor technology will be ready to fly in 
10 years. “As with anything that flies, a lot of these technolo-
gies have to buy their way on, showing they can help improve 
performance or improve safety or reduce weight,” Cramer said.

Farther in the future, quantum dot technologies could help 
pilots and crews monitor rapidly changing external tem-
peratures. Mool Gupta, professor of electrical engineering at 
the University of Virginia (U.S.A.), and one of his graduate 
students, Devin Pugh-Thomas, recently demonstrated lumi-
nescence-based temperature sensing by embedding CdSe(ZnS) 
quantum dots into a quartz matrix. According to Gupta, these 
materials respond to temperature fluctuations on a very fast 
timescale—microseconds to nanoseconds.

Manufacturing technologies
To provide cooling during powered flight, gas turbine engines 
have tiny holes (less than 1 mm in diameter) drilled into their 
blades, nozzle guide vanes, combustion chambers and after-
burners. Some engine components need hundreds or thou-
sands of these holes drilled, so that the air flow through them 
produces a film that protects their surfaces from combustion 
gases. Typically a high-power Nd:YAG laser is used to punch 
these narrow holes.

For future aircraft, Gupta said, scientists are developing 
micro- and nano-textured surfaces that would be laser-etched 
onto the external surfaces of aircraft. Not only could these tex-
tures alter the airflow properties over these surfaces, but certain 
textures—which look almost like tiny lotus flowers—make the 
surfaces more hydrophobic and thus less prone to potentially 
deadly ice formation.

Because they don’t carry a human crew and passengers, 
unmanned air vehicles (UAVs) can make handy test platforms 
for far-future manufacturing processes and power sources.

Just this summer, researchers at the University of South-
ampton (U.K.) built a UAV with a 2-m wingspan by “printing” 
all of the component parts using a laser-sintering machine. The 
process, also known as laser additive manufacturing, fabricates 
plastic objects by building them up, thin layer by thin layer, 
and fusing the material with laser heat.

According to the Southampton team, laser sintering enables 
engineers to build highly tailored shapes that would be difficult, 
if not cost-prohibitive, to make using traditional manufacturing 
techniques. The pieces of the group’s UAV wings and fuselage 
“snap-fit” together without fasteners, and the electric-powered 
plane reached a top speed of nearly 100 mph (160 kph).

Solar and laser power in the air

Recently, solar power for both UAVs and piloted aircraft has 
become an intense area of study, as part of a larger focus on 
electricity as an alternative energy source for aviation. The first 
human flight in a solar-powered craft took place in 1979, but 
the “plane” was actually a hang glider fitted with a small elec-
tric motor that was photovoltaically charged prior to its flight.

Currently, a Swiss team called the Solar Impulse Project is 
trying to build a solar-powered fixed-wing plane that would 
circumnavigate the globe with a pilot, possibly as early as 2013. 
Experiments with solar-powered UAVs emphasize longevity 
in the air; the lightweight Zephyr, built by the British defense 
firm Qinetiq, flew continuously for more than 336 hours in 
July 2010.

The sun isn’t the only potential source of photovoltaic 
energy for aircraft. Researchers at a Seattle-based company, 
LaserMotive, say that beams from a near-infrared laser could 
keep photovoltaic UAVs flying longer. LaserMotive is build-
ing on technology it developed for a NASA “space elevator” 
competition in 2009. 

Ring laser gyroscopes

Pilots who fly aircraft equipped with ring laser gyroscopes to 
determine their location and orientation can thank a French 
physicist who lived a century ago—George Sagnac, who was 
trying to prove the now-discredited theory that there is an 
“ether” through which light propagates and relative to which it 
travels at a fixed velocity. In 1913, Sagnac spun an interferom-
eter around on a turntable and observed interference between 
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the counter-rotating beams. Of course, the 
effect wasn’t caused by ether, but simply 
the fact that one of the light beams had 
slightly farther to travel than the other.

This “Sagnac effect,” which wasn’t 
exploited until the era of lasers and fiber 
optics, is the basis for modern interferom-
eters and ring laser gyroscopes. The latter 
are able to detect rotation because they 
have two counter-propagating beams over 
the same path in order to detect rotation; 
interference between the beams indicates 
shifts in the standing wave pattern and 
hence rotation. Ring laser gyroscopes are now key components 
of the inertial guidance systems of the Boeing 777 and Airbus 
A320, as well as many military aircraft.

Nondestructive testing of materials
How can inspectors tell when part of the structure of an air-
plane has been weakened and should be replaced? Not just by 
looking—the flaws may be too small to detect with the naked 
eye. And pilots can’t exactly pull their vehicles off to the side of 
the road to check a wavering wing.

Thermal imaging is one method used for aircraft inspec-
tion as well as for quantitative characterization of metallic and 
composite materials. Researchers can measure changes in the 
density or thickness of corroding metals, or the fiber volume 
fraction of composites. They can also assess changes in density 
that may be due to porosity, entrapped voids in the material, 
or delaminations or microcrack density in the material. (In 
delamination, stress causes the layers of a carbon-fiber-based 
composite material to separate. As in metal fatigue, the early 
stages of the process occur below the surface of the material.) 
All these flaws could be precursors to potentially catastrophic 
material failure.

Beyond merely looking for defects, researchers want to 
relate their material property measurement to the remaining 
useful life or the residual strength in the material, so that they 
can understand how it will perform in service, said Cramer at 
NASA Langley.

Today, composites are used in aircraft control surfaces 
such as rudders, ailerons and elevators—although they may 
compose much larger percentages of tomorrow’s airplanes. 
Infrared thermography is one of the methods that can be 
used to look for water entrapped in those materials or to look 
for delaminations.

To examine an aircraft part, whether aluminum or com-
posite, inspectors inject a small heat flux into the part—its 
temperature needs to be raised only one or two degrees Cel-
sius above ambient levels. A commercially available infrared 
camera records the way the heat spreads out within the mate-
rial. For checking aluminum fuselages, inspectors might use 
a cryogenically cooled HgCdTe detector working at wave-
lengths of 8 to 12 µm. The heat source and infrared camera 

move in tandem down a track placed next 
to the target of inspection.

Understanding the exact mechanisms 
of composite degradation as a function  
of time, environment and load is still  
an active area of materials science, 
Cramer said. His team focuses on the 
measurement and characterization of 
those properties.

Another commercially available 
aircraft inspection technique is called 
laser shearography. These systems start by 
recording the laser speckle reflected from 

a surface of interest. Then the inspectors apply a small stress 
load to the aircraft component and take a second image of the 
specular reflections. By subtracting one image from the other 
on a computer, someone can see the characteristic fringes that 
represent surface strain. “Originally a lot of the systems used 
a birefringent crystal that would provide a sheared image,” 
Cramer said. “Now they can do that electronically.”

According to a recent issue of National Geographic, NASA 
recently unveiled a “personal air vehicle” prototype called the 
Puffin that may someday enable one-person flight. While the 
Puffin may or may not allow humans to fly like Icarus did, one 
thing is for sure: Light-based technology will surely play a major 
role in 21st century aviation. t

Patricia Daukantas (patd@nasw.org) is a freelance writer specializing in 
optics and photonics.
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