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FUEL INJECTORS

Optical Metrology 
Enables New Generation of

Thomas J. Dunn

New techniques for optical metrology of fuel injector components have contributed to
a renaissance of the diesel engine in Europe. The new optical interferometers offer many
advantages over conventional stylus instruments and address the demanding needs of
automotive manufacturers for metrology of submicrometer form and geometry errors.



is both less expensive to produce
and, because it is less volatile,
safer to use than gasoline.
These advantages have long
secured the diesel’s position
in industrial applications
where purely economic consider-
ations outweigh the aesthetic. Although
diesel powered automobiles have been
available since the beginnings of the
automotive industry, early models
earned a reputation for noisy operation
and the prodigious production of smelly,
sooty exhaust.

In recent years, the diesel has been
reborn. From the soot has arisen a new
generation of smooth, powerful, clean,
quiet engines that still maintains its
advantage in fuel economy. The renais-
sance began in the early nineties in
Europe, where high fuel prices magnified
the benefit of diesel’s economy and strict
regulations limited exhaust emissions.
Luxury car manufacturers Alfa Romeo
and Mercedes Benz, the first to introduce
the new diesel technology, were quickly
followed by others. In 2001, 36 percent of
newly registered cars in Europe had diesel
engines, up from 15 percent in 1996.
Volkswagen currently holds the fuel
economy record of 100 kilometers on less
than a liter of fuel (greater than 235 miles
per gallon). At the performance end of
the spectrum, Volkswagen will soon
introduce a five liter, ten cylinder engine
that produces over three hundred horse-

power; a diesel
BMW recently

won the 24-hour
endurance race at

Nuerburgring. As for
cleanliness, the emission

of noxious substances has
dropped dramatically over the past 
10 years. Particulate emissions are down
80 percent, nitrous oxide is down 90 per-
cent and carbon monoxide is down 
97 percent.

The heart of the diesel renaissance has
been the development of high pressure
fuel injection systems, led by pioneering
manufacturer Robert Bosch GmbH. High
injection pressure promotes finer atom-
ization of the fuel and better mixing with
air to ensure complete combustion.
Combined with electronic actuation, the
high pressure also permits precise control
of the injection timing and volume.
Bosch recently announced the delivery of
its 10 millionth high-pressure injector,
and it expects to deliver more than 4 mil-
lion in 2002. This compares to only
200,000 delivered as recently as 1999.

A fuel injector is fundamentally a
highly sophisticated needle valve 
(Fig. 1). Injector ports at the bottom of
the valve direct the fuel into the combus-
tion chamber in a precisely controlled
pattern, and a solenoid or piezoelectric
actuator opens and closes the valve.
Precision mechanical surfaces include the
guide bearings (cylindrical surfaces on
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T he automotive industry has long
been driven by demands for better
fuel economy and lower exhaust

emissions. In Europe, these forces have
led to a surprising renaissance for the
diesel engine. Often perceived as the low-
tech alternative to its gasoline cousin, the
latest generation of passenger car diesels
is quiet, clean and powerful. These
improvements result largely from the
development of high pressure fuel injec-
tors that provide thorough mixing of fuel
and air and precise control of the injec-
tion profile.

“If you can’t measure it, you can’t
make it.” Never was this truer than in the
development of the newest generation of
fuel injectors. With operating pressures
approaching 30,000 psi, they require seal-
ing and bearing surfaces with submicro-
meter tolerances. To make matters worse,
the critical surfaces are located at the
blind end of a long narrow bore, making
them difficult to access. Conventional
measurement technologies using contact
methods had neither the accuracy nor the
speed needed to control a high volume
production process. In this article, we
describe several optical techniques that
have been commercialized to meet these
demanding requirements.

Fuel injectors
Diesel engines enjoy a fundamental fuel
efficiency advantage over spark ignition
gasoline engines. In addition, diesel fuel

Guide Bearing

Valve Seat

(Left) Interior of a commercially available
metrology instrument. A long optical
probe delivers an interferometric beam 
to the inside of the diesel fuel injector
component. The fuel injector is manually
loaded into a chuck which spins the 
component beneath the focused 
beam of the interferometer.

Figure 1. The common rail 
diesel fuel injector system 
shown has numerous 
components that need 
to be measured for 
submicrometer form 
and geometry errors. 
[Courtesy: Robert 
Bosch GmbH]



good precision and accuracy. Using
specialized analytical techniques, it is
possible to resolve point-to-point dis-
tance changes of one hundredth of
the wavelength or better. Although
interferometers are highly precise,
they have limited dynamic range.
Because each light wave is exactly like
every other wave, an interferometer is
rather like a ruler without numbers,
i.e., it can measure very accurately
fractions of an inch but it has a hard
time distinguishing one inch from
another. As a rule of thumb, interfer-
ometric measurements require a sur-
face roughness less than one-fourth
the wavelength of the light.

A normal incidence interferome-
ter that uses a HeNe laser would
have a dynamic range of 158 nm

(�/4). This dynamic range is not suffi-
cient for measuring fuel injector 
components.

The final finish applied to fuel injec-
tion components is typically done with a
grinding process. This can result in a sur-
face with localized variations greater than 
1 micrometer peak to peak, and this
exceeds the dynamic range for normal
incidence interferometers that use visible
and near infrared laser sources.

Grazing incidence 
interferometry
Grazing incidence interferometry over-
comes the limitations of normal inci-
dence interferometers while maintaining
all of the advantages described above.
As the incident angle of the test arm of
the interferometer is increased from 
0 degrees (normal incidence), the sensi-
tivity (distance per fringe) of the interfer-
ometer changes. The sensitivity is given
by the expression 

Sensitivity= �/2cos� .

An interferometer that illuminates the
test surface at grazing incidence gives us a
much broader dynamic range to accom-
modate the surface roughness of fuel
injector components. In addition, at
higher angles of incidence, the surface
scatters less light and behaves more like 
a mirror than a rough surface.

We show in Fig. 3 the design of a graz-
ing incidence interferometer that mea-

the shaft of the needle and body
which control the needle’s alignment)
and the valve surfaces (mating conical
surfaces that control the flow of fuel).
Operating at pressures as high as
30,000 psi, fuel injectors require form
tolerances less than half a micrometer
on these surfaces. The critical valve
seat is typically located at the bottom
of a blind hole a few millimeters in
diameter and tens of millimeters
deep. Created by grinding, these 
surfaces can be relatively rough.

In any high volume manufacturing
operation, process control is essential
to high yield and maximum prof-
itability. As operating pressures and
manufacturing volume climbed, engi-
neers soon realized that they had no
adequate means of measuring the sur-
faces they were manufacturing with the
speed they needed. Contact methods lost
much of their precision in the inaccessible
blind hole and did not have the speed
required to provide a high density surface
map in a reasonable period of time.
Limited accessibility and the roughness 
of the measured surfaces posed problems
for traditional optical methods as well.
Development of a viable measurement
technique became essential to continuing
progress in fuel injector manufacturing.

Traditional metrology 
techniques
In conventional contact metrology for
measuring rotationally symmetric sur-
faces, stylus instruments that touch the
surface are employed. Deflections of the
stylus are measured as the part is rotated
on its axis. To obtain good spatial resolu-
tion, ideally the contact point of the sty-
lus should have a small radius; however,
a small radius results in higher contact
forces that can locally deflect the surface,
leading to measurement errors or even
causing permanent damage to the sur-
face. In an effort to reduce this problem,
stylus instruments are designed with a
minimal amount of preload applied 
to the tip touching the surface. A low
preload, however, requires that the part be
rotated slowly, so that the stylus does not
skip and bounce across the surface.
Typical stylus instruments rotate the part
at six rotations per minute to ensure that
the surface is adequately sampled. At this

angular velocity, a single trace in the
roundness direction takes 10 seconds to
complete. Since this measurement time 
is so long, the part is often sampled with
only several traces to evaluate whether the
surface is within tolerance.

Optical systems offer considerable
advantages over traditional stylus-based
instruments. Since optical instruments
do not physically touch the surface, there
are no issues with part damage or slow
measurement speeds. Traditional normal
incidence interferometers work by com-
paring the distance traveled by one beam
of light, the test beam, which reflects back
to the interferometer from the measured
surface, with the distance traveled by
another beam, the reference beam, which
reflects back from a reference surface
fixed at some chosen distance (Fig. 2).
The interferometer makes the compari-
son by looking at the way the two beams
interfere with each other when they are
recombined. If we observe a map of adja-
cent points spread over a surface, they
will compose a pattern of dark and light
bands (called fringes); the dark bands
correspond to destructive interference
and the light bands correspond to con-
structive interference. The overall pattern
represents the deviation of the shape of
the test surface from the shape of the 
reference surface.

Since the wavelength of the light 
provided by the laser sources used in
interferometry is precisely known and
extremely stable, the measurements offer
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Figure 2. Conventional Michelson inter-
ferometer. A collimated beam from a
laser source is split into a reference beam
and a measurement beam. The beams
reflect from their respective surfaces and
are recombined onto a detector. This
interferometer can monitor small dis-
placements of the test surface with
respect to the reference surface.
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sures fuel injector components. This
design incorporates a laser the output
beam of which is expanded and colli-
mated to illuminate a large diffractive
optical element (DOE). The diffractive
optical element is a transmissive, flat disk
that has concentric rings etched into the
surface, a circular grating. The period of
the circular grating is chosen so that the
first order illuminates the component
under test at the desired angle of inci-
dence. The converging first order, which
serves as the test beam of the interfero-
meter, illuminates the entire surface of
the part. The zero order that transmits
through both the first and second grat-
ing is the reference arm of the interfer-
ometer. The beam reflected from the
component is incident on the second
diffractive element, which generates a
first order that combines with the zero
order. The combined beams generate 
an optical interference pattern that is
imaged into a camera.

The fringe pattern is ramped, or mod-
ulated, by translating the first DOE along
the optical axis of the beam. The DOE is
stepped in equal increments by a transla-
tion stage, a process that induces a rela-
tive phase shift between the test and
measurement arms. For each translation
step, the camera captures the fringe pat-
tern. The multiple patterns are analyzed
by traditional phase measurement algo-
rithms to determine the deviations of
the component under test from an ideal
cylinder. Unlike traditional contact tools,
this grazing incidence interferometer
measures the entire surface of the part
simultaneously and provides complete
three-dimensional (3D) information.

We show in Fig. 4 the results obtained
by measuring a fuel injector component
with this type of interferometer. The
component is a 23-mm-long pin that is
part of a valve assembly for a fuel injec-
tion system. The displayed data set is a 
94 x 1024 array. We can clearly see that
the component (which is defective) has 
a five lobe error. The measurement time
for this system—including part loading,
alignment, measurement and analysis—
is typically on the order of one minute.
A stylus instrument with comparable 
resolution and accuracy would only be
able to measure two or three roundness
slices (representing one row of the above 
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Figure 3. Grazing incidence interferometer used to measure simple fuel injector com-
ponents. A circular grating is used to direct the first diffracted order (test beam) onto
the part under test. The reflected beam off of the part is combined with the zero
order (reference beam) by a second circular grating. A camera views the resulting inter-
ference pattern. 

Figure 4. 3D plot showing the form
errors of a 23-mm-long fuel injector
component as measured by the grazing
incidence interferometer.
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Figure 5. Both measurement arms from
the two interferometers are combined
into a single beam and focused onto the
surface of a rotating part. The focused
beam is scanned along a line parallel to
the surface (vertically in this figure) as
the part rotates underneath. The result-
ing helical scan completely covers the
surface of the part.

Figure 6. Both measurement arms from the two interferometers are combined into a
single beam and directed into the optical probe. (a) The probe is essentially a hollow
tube with miniaturized optics at the bottom. (b) An expanded view of the bottom of
the tube shows the focusing lens and the beamsplitter that generates two beams for
measuring cylindrical and conical surfaces.

(a) (b)



94 x 1024 array) in the space of 10 to 
15 minutes.

While the grazing incidence interfer-
ometer can provide more complete part
coverage with shorter measurement
times than conventional stylus instru-
ments, it is not capable of measuring
conical surfaces or regions inside a 
blind hole. Since there are, unfortu-
nately, many fuel injector components
that have conical regions or blind holes,
a different type of interferometer 
is needed.

Dual wavelength interferometry
We describe a new instrument in which
form and geometry measurements of
rough cylindrical and conical surfaces are
made using a dual-wavelength interfer-
ometer system. The system uses two
solid-state lasers at different wavelengths
to extend the dynamic range of measure-
ment to accommodate the surface rough-
ness of the cylindrical and conical forms
to be measured. One interferometer
operates at 1310 nm and the second
operates at 1550 nm. When the interfero-
metric patterns at the two different fun-
damental wavelengths are analyzed
together, a combined pattern with a syn-
thetic wavelength of 8.46 �m is gener-
ated. Both interferometers are
independently capable of measuring
smooth parts and when the two wave-
lengths are used in conjunction, it is pos-

sible to measure ground parts with a
roughness (R z) of 2 �m.

Each interferometer uses a distributed
feedback (DFB) solid-state laser as its
source. The laser beam is split into a ref-
erence arm and a measurement arm. The
measurement arm is directed to the
probe and focused onto the part to be
measured. Light reflected from the part
surface is imaged back through the probe
and recombined with the reference arm
in the sensor head. The combined arms
are imaged onto four different detectors
with an induced incremental 90-degree
phase shift among them. A surface height
map is generated from instantaneous
phase measurements taken at individual
points on the part as the focused beam is
scanned over the part surface.

We show in Fig. 5 a schematic of the
focused beam from the measurement arm
on the test surface. The interference map
is built up point by point as the test sur-
face rotates about its axis in close proxim-
ity to the interferometer probe. The probe
is mounted to a programmable stage that
can move left and right and up and down,
thus allowing the probe to follow the sur-
face in a spiral pattern over any rotation-
ally symmetric form. The test beam
passes out through the probe, reflects
from the surface and returns through the
probe to the interferometer. The reference
arm of the interferometer travels with 
the probe but not through it, so that the

interference map represents the devia-
tions of the test surface from an ideal,
virtual surface symmetric about the 
rotational axis of the measured part.

As described previously, the critical
surfaces of a fuel injector can be difficult
to access. This is especially true for the
valve seat, which is located at the bottom
of a deep, narrow hole. The dual wave-
length interferometer uses a probe the
design of which allows the test arms of
both interferometers to be delivered to 
the bottom of a 3.5-mm-diameter by 
45-mm-deep blind hole. At the end of the
probe (shown in Fig. 6), miniature optics
split the test arms into two different
beams. The beams each contain both
wavelengths but exit the probe at different
angles, permitting measurements of two
different surface types with the same
probe. Since neither the part nor the
probe is disturbed between measure-
ments, the system can make relational
measurements such as runout, perpendic-
ularity and co-axiality among different
forms in different regions of the part.

Figure 7 shows the two measurement
regions as well as the aspect ratio for the
inside of the fuel injector nozzle. Figure 8
shows the measurement results from the
inside cone of a fuel injector nozzle. The
semicircular voids at the bottom of the
image are the spray holes through which
the fuel is injected. Figure 8(a) shows the
raw interferometric data, including the
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Figure 7. The two measurement
regions as well as the aspect ratio for
the inside of the fuel injector nozzle.
The cone at the bottom of the fuel
injector is about 45 mm deep inside
the ID bore.

Figure 8. (a) Raw interferogram of the
conical seat. It primarily shows the tilt
and decenter errors that result from the
manual loading of the part. The red cir-
cular voids at the bottom are the spray
holes as viewed from inside the fuel
injector. (b) 3D plot shows the form and
geometry errors of the conical seat after
the residual tilt and decenter were
removed.

(b)(a)
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tilt and decenter that result from the
manual loading of the part into the col-
let. The conical region is about 1.5 mm
long. In this measurement, the spindle
turned at 600 rpm while the probe
moved at 4 µm per revolution, resulting
in a data array of 358 x 1024 points
(acquired in 36 seconds). Figure 8(b)
shows the 3D plot of the same data set
after the tilt and decenter have been
removed. The analysis software plots the
difference between the measured surface
and the line scanned by the probe. If the
surface is perfect, the line is at all points
equidistant from the surface and the
resulting 3D plot of the results will dis-
play a cylinder. The conical shape appar-
ent in Fig. 8(b) represents the angular
error in the manufacturing of this part,
with the cone angle indicating the magni-
tude of the error. The cylindrical section
was approximately 10 mm long. The
probe traveled at a rate of 50 �m per rev-
olution, resulting in a 225 x 1024 array
after 0.2-mm edge exclusion (acquired in 
23 seconds). Using the data from the
cylindrical section of the part, we are able
to establish a datum to determine the
average radial runout over the 
entire cone.

At 600 rpm, the combined data acqui-
sition time for both of these regions 
(583 traces) is less than one minute.
Even allowing time for sample mounting,
probe positioning and data analysis, total

measurement throughput is on the 
order of two minutes per measurement.
Moreover, the high sampling density pro-
vides thorough coverage of the full 
surface and minimizes the probability of
significant sampling error. This through-
put should be compared to a typical stylus
measurement, which requires ~10-15
minutes to load and align the part and
measure three traces, with an acquisition
time of 10 seconds per trace. This means
that using a contact gauge it would take
two hours to measure one part with 
583 traces!

The repeatability of the measurements
obtained with the dual wavelength inter-
ferometer has proven to be quite good.
Depending on the parameter being mea-
sured, we can typically achieve a stan-
dard deviation of 10-30 nm. Figure 9
shows the roundness results* of the
inside cone for 25 different parts mea-
sured 20 times over a period of five days.
For this set of data, the average standard
deviation was 11 nm.

We have also verified the accuracy of
the measurements through the use of
NIST/PTB** certified artifacts. We have
manufactured artifacts for each of the
measured parameters: roundness,

straightness, parallelism, angle, diameter
and runout. Gauge studies comparing the
measured values to the certified values
achieved an accuracy of 40 nm or better
for each of these parameters.

Conclusion
High pressure fuel injectors have permit-
ted dramatic improvements in automo-
tive diesel engines. The new generation of
engines is clean, quiet, powerful and fuel
efficient. Their availability will ultimately
affect the lives of millions, not only by
improving the quality of the driving
experience but also by reducing the nega-
tive effects driving has on the environ-
ment we all share.

The performance of the new injectors
is heavily dependent on maintaining
extremely tight manufacturing toler-
ances that until now have been difficult
or too time-consuming to measure. The
dual wavelength system described here
provides precise, accurate measurements
with the speed required to support a
high volume manufacturing process.
Although the system was developed to
satisfy the specific requirements of injec-
tor manufacturers, it will certainly find
application in other precision manufac-
turing operations.

Thomas J. Dunn (dunntj@corning.com) is a metrol-
ogy instruments engineering manager with Corning
Tropel Corporation, Fairport, N.Y. 
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Figure 9. The round-
ness of 25 different
fuel injector cones
was measured 20
times over a period 
of five days. Delta
roundness is the 
deviation of the 
measurement from 
the average round-
ness over all 25 parts. 

*Delta roundness is the deviation of the measurement
from the average roundness over all 25 parts.

**National Institute of Standards/Physikalisch-
Technische Bundesanstalt.
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