A shop friendly removal function characterization method for MRF™
spots
Johnathan Davisa*, Chris Supranowitza
a
QED Technologies, Inc., 1040 University Avenue, Rochester, NY, USA 14607
ABSTRACT
To achieve optimal polishing convergence results, the removal function of the tool should be accurately characterized.
This removal function is termed a “spot” in Magnetorheological Finishing (MRF), and for best results the spot should be
characterized with nanometer-level accuracy. Such precise results have typically been obtained with an interferometer,
which can provide the necessary accuracy as well as good lateral spatial resolution. However, interferometers are often in
high demand during optical fabrication, have limited slope capture range (complicating measurement of especially high
removal rates or small spots), and aren’t always ideal for the “shop floor” environment.
QED has developed a measurement method for spots to address these shortcomings. It is more compact, potentially less
expensive, less environmentally sensitive, and has more slope capture range compared to a typical interferometer. Used in
conjunction with QED’s spot morphing algorithm, only plano optical substrates are needed to measure material specific
removal function characteristics, which can then be applied to a wide range of part geometries of the same material type.
Spots characterized with the new method are shown to provide excellent polishing convergence and are highly consistent
with interferometric data. In conclusion, the new method is ideal for conveniently and cost-effectively measuring spots on
the shop floor.
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1. INTRODUCTION
The benefits of Magnetorheological Finishing (MRF) are well documented1. The deterministic properties of MRF
machines allow for excellent convergence on a wide range of polishing applications. MRF technology has progressed
significantly since its inception more than twenty years ago. Modern CNC platforms realize a variety of toolpaths to
address a variety of part geometries. The latest control systems constantly monitor and maintain the properties of the MR
fluids to provide removal rate stability. With these controls in place, dwell-time accuracy is the final element to ensure
deterministic polishing performance. Computing the localized dwell-times to figure an optic requires accurate mapping
of the errors in the optical surface, as well as the characterization of the MRF removal function (“spot”). Characterizing
a spot is performed at least daily and any time the optical material type changes. First, the surface of the spot part is
measured, followed by installation and alignment on the MRF machine. Next, the machine conducts an automated process
where the spot part is immersed in the MR fluid at several locations, for a known amount of time. The spatial dimension
of a spot scales with the diameter of the polishing wheel and the depth of removal scales with the dwell time. After the
MRF machine has finished removing material from the spot part surface, it is measured again. The difference between
the two measurements of the spot part surface yields the localized removal of the spots at their respective locations, which
are processed through QED’s spot processing algorithm to calculate the spot removal function characteristics. The
following sections focus on the metrology used to characterize spots.
Since MRF machines first started being produced and used, interferometry has always been the standard for measuring
spots. Early machines used polishing wheels that ranged from 50 mm to 370 mm in diameter, producing spots that were 3
to 20 mm across and roughly twice that in length. Conventional interferometry at the time was more than capable of
resolving spots of this size, although the slopes from especially deep material removal could sometimes present a
challenge. Since then, QED has developed 20 mm and 10 mm wheels to correct smaller features in optical surfaces and
polish optics with shorter concave radii2. As a result, the associated MRF spot has decreased in spatial dimension and can
now be as small as 1 x 1.5 mm. The corresponding spatial resolution and slope requirements needed to accurately measure
these spots present a formidable challenge for most commercial interferometers. Environmental factors such as vibration
and air turbulence, both of which are commonly present in the optical fabrication environment where MRF machines are
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used, further complicate the use of interferometers for spot measurement due to their innate sensitivity to these conditions.
Failure to accurately measure an MRF spot can directly impact the determinism of an MRF machine3.
In addition to the high slopes that must be accurately resolved, MRF spot metrology has other unique properties. First,
only the difference between a before-spots and after-spots measurement is important, not the absolute measurement of the
part in both states. Second, most of the surface is unchanged between the before-spots and after-spots measurements.
Therefore, the MRF spot-taking process needs a metrology tool that is good at differential metrology, not necessarily
absolute metrology. Systematic error bias of the instrument will not affect the difference of the before-spots and afterspots measurements, rendering the need for calibration techniques commonly employed for metrology systems
unnecessary. For example, using a transmission sphere on an interferometer with high reference surface error will not
affect the quality of spot measurements, so long as the part is placed in the same orientation with respect to the transmission
sphere for each measurement.
A deflectometry system meets all these requirements: it has excellent slope capture range, is insensitive to vibration, and
excels at differential metrology. We have created a deflectometry MRF spot measuring prototype that provides results
comparable to commercially available interferometers but has the potential to be far less expensive, is vibration insensitive,
and highly portable.

2. DEFLECTOMETRY PROTOTYPE FOR MEASURING MRF SPOTS
Deflectometry-based metrology systems have been in use for more than a decade, and the merits of this technology are
well documented4. In the optics industry, deflectometry has been used to measure everything from small adaptive optics
to 8.4 m telescope mirrors. The simplicity and flexibility associated with a deflectometry-based system creates a powerful
device that is inexpensive to build, provides nanometer sensitivity, and has an impressive slope capture range. However,
one of the common challenges associated with deflectometry-based systems is their reliance on rigorous calibration
procedures to enable absolute measurement capability. While several methods have been employed to address this
shortcoming, the low-order uncertainty associated with deflectometry measurements is generally regarded as a primary
limitation. For this reason, a metrological application where low-order absolute measurement accuracy is not required
presents a unique opportunity for deflectometry. As previously mentioned, the material removal function characteristics
of the MRF spot are calculated using the removal measured in the spot part surface, as well as the machine parameters that
were used during the spot-taking process. The low-order measurement accuracy of the spot part surface and systematic
error bias of the instrument are irrelevant, as they are negated when the subsequent measurement is subtracted from the
initial measurement. This method is known as differential metrology, where the measurand is the change of an optical
surface from one state to another. For this to hold true, the measurement repeatability and reproducibility of the
deflectometry device must meet the demands of the application. For MRF spot measurements, the measurement
reproducibility should be comparable to what is provided by commonly used interferometric systems (< 5 nm RMS is used
as a reasonable target with, piston, tip, and tilt subtracted). Measurement repeatability, a core representation of the
instrument’s measurement uncertainty, should also be of a comparable level (~1 nm RMS, with piston, tip, and tilt
subtracted). Failure to meet these requirements can result in MRF spot mischaracterization, which may result in
unpredicted removal. To meet these demanding requirements, QED has developed a plano-measuring deflectometry
prototype (patent pending), shown in Figure 1, that produces sub-nanometer measurement repeatability and nanometer
level reproducibility, rivalling the capabilities of an interferometer when used for MRF spot measurements.
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Figure 1. A 3D model rendering of the deflectometer prototype
The repeatability of the deflectometer was evaluated for 10 consecutive measurements and found to be 0.8 nm RMS
(piston, tip, and tilt subtracted). The repeatability was calculated by creating an average map from 10 consecutive
measurements, followed by taking the pixel-by-pixel difference of each individual measurement from the average. The
pixel-by-pixel standard deviation was then calculated for all 10 difference maps, creating the repeatability map shown in
Figure 2. Astigmatism and power were the dominant sources of error in the difference maps that were used to calculate
the repeatability map.

Figure 2. Deflectometer prototype repeatability for 10 consecutive measurements, over a 50 mm CA
The reproducibility of the deflectometer was evaluated using the same process steps that are used for MRF spot-taking,
where the spot part must be removed and re-installed between measurements. Following these process steps, the
reproducibility of the deflectometer, shown in Figure 3, was found to be 4.4 nm RMS for 10 consecutive part re-mount
measurements. The reproducibility was calculated using the same method as what was used to calculate the repeatability.
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The dominant sources of error are power, astigmatism, and coma, and can be attributed to positional non-repeatability of
the spot part.

Figure 3. Deflectometer reproducibility for 10 consecutive part re-mounts, over a 50 mm CA
Long-term measurement stability was evaluated over a two-week period to determine any systematic error instability.
Measurement repeatability of a calibration standard over the prescribed period was 5.8 nm RMS, with astigmatism, and
power being the dominant errors. For MRF spot-taking, where measurements are taken within an hour of each other, the
long-term repeatability of the instrument is of less importance, yet again highlighting the natural fit of deflectometry for
MRF spot-taking.
In addition to demonstrating desirable repeatability and reproducibility properties, the spatial resolution and slope capture
range of the instrument also require careful consideration and optimization. QED’s deflectometer prototype was designed
based on the slope and spatial characteristics associated with spots created by QED’s Q-flex MRF platforms. There are
currently four Q-flex MRF polishing heads available, designated by the diameter of the MRF wheel (10 mm, 20 mm, 50
mm, 150 mm). The spatial dimension of the MRF spots, as well as other properties, are proportional to the size of the MRF
wheel: an MRF spot created by a 20 mm wheel is significantly smaller than that of a 150 mm wheel. In Figure 4 the size
difference between the two spots is readily apparent, where the 20 mm wheel spot is approximately 2.0 x 3.5 mm, and the
150 mm wheel spot is approximately 4.5 x 9.5 mm.
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Figure 4. Side-by-side comparison of spots from a 20 mm and 150 mm MRF wheel
The corresponding slopes are a function of the spatial dimension and depth of the spot. Consequently, a 20 mm wheel spot
will have much steeper slopes than a 150 mm wheel spot of equivalent depth. This can be seen in Figure 5 where the peak
slopes generated by the 20 mm wheel are nearly 3 times greater than those created by the 150 mm wheel. The deeper the
spots, the greater the corresponding slopes, which requires an instrument that has a correspondingly large slope capture
range.

Figure 5. Side-by-side comparison of slopes present in the example 20 mm and 150 mm spots
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To accurately characterize the removal properties of an MRF spot, the spot part should be submerged in the MRF fluid for
a minimum dwell time of 2-3 seconds. Increasing the dwell time helps to average out transient effects such as plunging
into and removing the optic from the MRF fluid, an effect which can contribute error in the MRF spot calculation. In
addition, longer dwell times allow for an increased signal-to-noise ratio in the metrology. For soft optical materials and
aggressive MRF fluids, a minimum dwell of 2-3 seconds may produce spot depths in excess of several hundred
nanometers. For this reason, the slope capture range of the deflectometer was designed to measure spots with slopes in
excess of 2 mrad, covering the slope conditions generated by small spots with a depth in excess of 0.5 µm. Spatial
resolution of the deflectometer was driven by the need to measure small 10 mm wheel spots, where the width of the spot
may be as small as 1 mm. For optimal MRF spot calculation results, there should be a minimum of 10 pixels across the
width of the spot, therefore a spatial resolution of at least 0.1 mm/pixel is required. The deflectometer has a spatial
resolution of 0.03 mm/pixel, ensuring more than adequate resolution for the smallest of MRF spots.
The removal function properties of an MRF spot are dependent on the curvature of the optic being polished. Therefore,
one might expect that spots must be taken on a surface that matches the radius of the optic to be polished. However, QED’s
spot morphing technology “morphs” a spot taken on a plano surface to closely match the shape of the actual removal
function on a curved surface. This capability reduces the need for manufacturing custom spot parts that exactly match the
radius of every optic that needs to be polished and enables a plano-only spot-taking deflectometer to be useful even when
polishing a range of curved optics. Given this capability, a plano spot part measurement configuration was selected.
The deflectometer has a measurement clear aperture of 60 mm, which enables the measurement of 50 mm diameter spot
parts, a size that accommodates spot-taking for all Q-flex MRF wheel sizes. The spot part is held by a kinematic part
holder when measurements are conducted. The kinematic part holder ensures repeatable positioning of the spot part with
respect to the deflectometer, which in turn repeatably defines the test geometry. For a deflectometry system such as this,
repeatable test geometry directly correlates to measurement reproducibility. In addition, the kinematic holder was designed
to be easy to use when removing and installing the spot part, eliminating the sometimes tedious alignment and focusing
routines required for interferometric testing.
As mentioned previously, deflectometry systems offer several inherent attractive qualities. For instance, the vibration
insensitivity of the deflectometer means that no vibration isolation table is necessary. Vibration tables are commonly
required for many interferometers to be used on a shop floor. All data collected with the MRF spot-taking deflectometer
was acquired with the system resting on a benchtop with no steps taken to manage vibration. In addition, the inherent
simplicity of a deflectometry system, where the core components consist of a digital display and a digital imager, leads to
a potentially less expensive metrology solution. The reduced number and size (if a Micro-OLED display is exchanged for
the more typical sized displays) of components also lends to a very compact design, which is advantageous in an optical
fabrication environment where floor space may be limited. These attributes add up to make a compelling case for a
deflectometry alternative to the traditional interferometric approach for measuring MRF spots, freeing up the
interferometer for higher-value activities such as measuring optics during the fabrication and qualification process.
To evaluate the efficacy of QED’s deflectometer prototype, MRF spots were taken and measured by both the deflectometer
and an interferometer that is frequently used for this application. Several methods were used to compare the results
generated by the two instruments, including spot-to-spot comparisons, polishing simulations using both spots, and finally
a polishing run using the deflectometer-based MRF spot.

3. RESULTS
A spot-to-spot comparison for each Q-flex wheel (10 mm, 20 mm, 50 mm, and 150 mm) was performed to evaluate the
deflectometer for measuring MRF spots. During the spot taking process a QISTM interferometer and the deflectometer
were used to acquire before and after metrology of the same spot part. Metrology from both instruments was used to
compute the MRF spot for each wheel. Figure 6 shows a comparison between QIS and deflectometer data for the smallest
spots taken (from the 10 mm wheel). As can be seen in the figure, the pixelation present in the QIS data is absent in the
deflectometer data. This is not surprising considering the prototype has 2.8X the resolution of the QIS. The volumetric
and peak removal values differ by 5% and 3% respectively.
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Figure 6. Comparison of a 10 mm wheel spot measured by a QIS (left) and by the deflectometer (right)
In Figure 7, 150 mm spots are compared. The shape and removal properties measured by the deflectometry prototype and
the QIS show good agreement, with the volumetric and peak removal rate values differing by 3% and 1%, respectively.
As expected, the resolution of the QIS is more than adequate to avoid any pixelation in the spot calculation, so from this
standpoint the deflectometer does not provide any noticeable benefit. The comparison of the larger wheel spots does
however demonstrate that the deflectometry prototype provides very accurate results on a larger spatial scale than was
considered for the 10 mm wheel spot comparison.

Figure 7. Comparison of a 150 mm wheel spot measured by a QIS (left) and the deflectometer (right)
The benefits of the slope capture range of the deflectometer are demonstrated in Figure 8. A 25 mm spot part containing
spots generated by a 20 mm wheel were measured with both the QIS and deflectometer and the data highlights the impact
of the increased slope capture range of the deflectometer. For this test the spot-taking dwell time was increased so that the
peak removal was greater than 0.5 µm. At this depth, the slopes associated with the spots begin to exceed the Nyquist limit
of the QIS, resulting in data drop-out. In cases where data loss is severe enough, phase unwrapping errors occur.
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Figure 8. Surface height measurements of a 25 mm diameter spot part with 20 mm wheel spots, performed by a QIS
(left) and the deflectometer (right)
If we convert the height information to slope information, we see that the deflectometer measures peak slopes as high as
3.08 mrad, nearly twice that of the QIS, at 1.72 mrad. The slope maps in Figure 9 show that the data drop-out in the QIS
map corresponds to regions of high slope, as expected. Considering the Nyquist limit of the QIS is approximately 1.8 mrad
when measuring planos, it is not surprising that the peak slopes measured are slightly less than this value.

Figure 9. Surface slope measurements of a 25 mm diameter spot part with 20 mm wheel spots, performed by a QIS (left)
and the deflectometer (right)
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Further investigation of a specific region of the spot slope map, shown in Figure 10, highlights the detail present in the
deflectometer measurement which can be attributed to the greater spatial resolution of the instrument. Data drop out due
to excessive slopes is also more clearly visible.

Figure 10. Surface slope measurements of a 25 mm diameter spot part with 20 mm wheel spots, performed by a QIS
(left) and the deflectometer (right)

Visually comparing the spots and their primary removal properties (such as volumetric and peak removal rate) certainly
provides a general indication of how well the deflectometer measures up to the QIS, but further analysis using simulated
and real polishing runs offers a more rigorous method of validation. To accomplish this, two polishing simulations are
conducted, followed by an actual polishing run. In the first simulation, we perform a rotational polishing solve on a 50
mm diameter, plano, BK-7 optic using a 50 mm wheel spot, which was measured by both a QIS and the deflectometer.
For this example, the goal is to uniformly remove 0.5 µm of material. The solve generates the tool path and dwell time for
the QIS based spot, as well as any estimated residual error. Using this tool path and dwell information, we can substitute
in the deflectometer measurement of the same 50 mm wheel spot. The residual error difference between the simulation
performed using the QIS spot, and the simulation using the deflectometer based spot is 1.81 nm RMS, shown in Figure
11. At the center of the part, where polishing is most sensitive to discrepancies between the two spots, there is a removal
artifact with an amplitude of 8.45 nm, or 1.7% of the targeted removal. In general, center artifacts under 5% are deemed
acceptable, although lower is often achievable. For applications where a center artifact is unacceptable, raster polishing
serves as an excellent alternative.
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Figure 11. The residual error difference map (left) created by taking the difference between the two polishing simulation
residual error maps, and a diametrical profile through the center of the residual error difference map that highlights the 8
nm center artifact (right)
For the next polishing simulation, a raster solve is performed with the same 50 mm wheel spots from a plano, but this time
on a 60 mm diameter convex part with a radius of 150 mm. In this instance the spot morphing algorithm is used to estimate
the change in removal characteristics that occur as a result of the difference between the plano spot part and the radius of
the optic in the simulation. For this raster simulation the residual error difference between the simulation performed using
the QIS spot, and the simulation using the deflectometer based spot is 0.41 nm RMS, shown in Figure 12. The dominant
error is piston, which is the result of a 0.4% overhit, caused by an equivalent percent difference in the volumetric removal
rate of the two spots. If we remove piston, the residual error is 0.02 nm RMS. This simulation indicates that raster polishing
a curved surface with a deflectometer based spot, taken on a plano spot part, can produce excellent convergence, and that
any differences between the spots measured with the 2 different instruments has an negligible impact on high-order figure
error.

Figure 12. Raster residual error difference, which is the difference between the predicted results for the polishing
simulation using 2 different spots
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For a final test, an actual polishing run was performed on an MRF machine using a spot measured with the deflectometer.
The polishing run consisted of a figure error introduction (where figure error is deliberately induced, rather than removed),
on a 50 mm diameter, plano, BK-7 optic. The targeted shape of the optical surface is shown in Figure 13 and consists of
astigmatism and spherical aberration. The peak removal from the optical surface is 837 nm. The polishing run took 21
minutes to execute and produced a residual error of 16 nm RMS. Evaluated over the clear aperture of the part, the
convergence of the polishing run was 90%, demonstrating that the deflectometer based spot enables excellent polishing
results.

Figure 13. The targeted figure of the optical surface (left), the measured figure of the optical surface following the
polishing run (center), the residual error between the predicted surface figure and the measured surface figure evaluated
over a CA of 95% (right)

4. CONCLUSION
Deflectometry is well-suited for measurements of MRF spots. While interferometry has long been the gold-standard for
optical metrology, several qualities of a deflectometer give it distinct advantages over the interferometer for this
application, such as increased spatial resolution and slope capture range, reduced floor space requirements, vibration
insensitivity, and the potential for reduced cost of ownership. A deflectometry prototype was built and tested to confirm
that these proposed improvements are realizable and translate into a functional device capable of producing results
comparable to those currently achieved using interferometry. During this testing we evaluated spot-to-spot comparisons,
polishing simulations, and a real polishing run to determine how any subtle differences in spots measured by the two
different instruments manifest as polishing errors. The test results indicate that the deflectometry prototype serves as a
suitable alternative to interferometry when it comes to measuring plano spot parts.
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