1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

HHS Public Access

Author manuscript
Appl Opt. Author manuscript; available in PMC 2022 March 01.

Published in final edited form as:
Appl Opt. 2021 December 20; 60(36): 11189-11195. doi:10.1364/A0.443972.

Dynamic wavefront distortion in resonant scanners

Vyas Akondi*, Bartlomiej Kowalski, Alfredo Dubra
Byers Eye Institute, Stanford University, Palo Alto, California 94303, USA

Abstract

1.

Dynamic mirror deformation can substantially degrade the performance of optical instruments
using resonant scanners. Here, we evaluate two scanners with resonant frequencies > 12 kHz

with low dynamic distortion. First, we tested an existing galvanometric motor with a novel, to

the best of our knowledge, mirror substrate material, silicon carbide, which resonates at 13.8

kHz. This material is stiffer than conventional optical glasses and has lower manufacturing
toxicity than beryllium, the stiffest material currently used for this application. Then, we tested

a biaxial microelectromechanical (MEMS) scanner with the resonant axis operating at 29.4

kHz. Dynamic deformation measurements show that wavefront aberrations in the galvanometric
scanner are dominated by linear oblique astigmatism (90%), while wavefront aberrations in the
MEMS scanner are dominated by horizontal coma (30%) and oblique trefoil (27%). In both
scanners, distortion amplitude increases linearly with deflection angle, yielding diffraction-limited
performance over half of the maximum possible deflection for wavelengths longer than 450 nm
and over the full deflection range for wavelengths above 850 nm. Diffraction-limited performance
for shorter wavelengths or over larger fractions of the deflection range can be achieved by
reducing the beam diameter at the mirror surface. The small dynamic distortion of the MEMS
scanner offers a promising alternative to galvanometric resonant scanners with desirable but
currently unattainably high resonant frequencies.

INTRODUCTION

Optical resonant scanners are widely used across applications as diverse as intraoperative
imaging [1], microscopy [2-4], retinal imaging [5-7], optical coherence tomography [8,9],
underwater imaging [10], flow cytometry [11], and high-resolution printing [12,13]. The
mirrors of resonant scanners suffer from dynamic distortions caused by the linear variation
in torque with deflection angle [14,15]. This distortion can be estimated using finite-element
analysis models [16-19], or measured, as has been demonstrated, using stroboscopic
interferometry [16,20-22] and Shack—Hartmann wavefront sensing (SHWS) [20,23]. Using
a custom SHWS, we recently showed that such dynamic distortion in a 15.1 kHz resonant
galvanometric scanner with a Clearceram-Z (Ohara Corporation, Rancho Santa Margarita,
CA, U.S.) mirror substrate held at only one end was dominated by oblique astigmatism
that could result in up to a 90% Strehl ratio degradation at 680 nm [23]. This material
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has mechanical properties similar to those of the most widely used optical glasses. In

the same study, we showed that a similar scanner with a 2x thicker beryllium substrate
operating at 7.9 kHz provided diffraction-limited imaging (i.e., a Strehl ratio >0.8) at the
same wavelength. Unfortunately, the highest frequency of commercially available beryllium
scanners is only 12 kHz, which is limiting for imaging of live and/or moving samples/
objects. Therefore, we set out to explore two new avenues to deliver high-frequency resonant
scanners with low dynamic distortion, and comparable or higher Lagrange invariants (i.e.,
product of the maximum deflection angle and mirror aperture size) than those of current
resonant scanners.

First, we evaluated an off-the-shelf scanner motor (SC-30; Electro-optical Products
Corporation, EOPC; Ridgewood, NY, U.S.) with a custom silicon carbide (SiC) mirror by
OptoSic (Mersen Deutschland Holding GmbH & Co. KG, Miinchen, Germany) resonating
at 13.8 kHz. This relatively new optical material was chosen because of its specific stiffness
(or specific modulus) of 133 x 106 m2/s2, which compares favorably to the 33 x 108 m?/s2
of BK7 and fused silica, which are both widely used optical glasses. Importantly, SiC
composites [24-27] offer a potentially lower toxicity alternative [28] to beryllium, which has
a specific stiffness ~160 x 108 m2/s2 and, which during the machining and polishing process
produces dust known to pose a serious health hazard [29].

Then, we evaluated a new type of microelectromechanical systems (MEMS) bidirectional
optical scanner (S13989-01H; Hamamatsu, Hamamatsu-City, Japan) with the resonant

axis operating at 29.4 kHz. MEMS optical scanners are appealing due to their smaller

size and lower power consumption than galvanometric and rotating polygon scanners.

The smaller moment of inertia of MEMS mirrors is also appealing due to their higher
resonant frequencies [17,30-32] and/or higher Lagrange invariants [22,33]. Because of these
advantages, resonant optical MEMS scanners are being increasingly used in microscopy
[34-43], high-resolution displays [17,44-46], automotive vehicles [47-49], barcode reading
[32,50,51], and biometrics [52,53], among other applications. The next section describes the
experimental setup and the calculation of wavefront metrics, which is followed by results
and a brief summary section.

2. METHOD

A custom SHWS with an EXi Aqua camera (Teledyne Qimaging, Surrey, BC, Canada)
and a lenslet array with 203 um pitch, 9.35 mm geometrical focal length, and refocused to
account for focal shift [54] was used to measure the dynamic distortions of the scanning
mirrors. Light from a 5 mW, 680 nm superluminescent diode from Superlum (S-680-G-I-5,
Carrigtwohill, Co. Cork, Ireland), was collimated and passed through a linear polarizer

to illuminate the double-pass optical setup shown in Fig. 1 for testing the galvanometric
resonant scanner. This setup was slightly modified as per Fig. 2 to test the MEMS scanner,
which has a substantially smaller mirror. In short, the optical setups consist of two afocal
relays and lens with a piece of paper in its focal plane, with the only significant difference
between the setups being the magnification of the beam at the resonant scanner plane.
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The scattering of the focused light that is scanned across the paper effectively erases the
wavefront of the light’s first pass through the optical setup. In this way, the descanned beam
at the SHWS only contains the wavefront aberrations of the return path (i.e., between the
paper and the SHWS). A 400 pum wide slit, slightly tilted to eliminate undesired reflections,
was placed in a plane conjugate to the paper to ensure that the SHWS only collected light
when the scanner is at a desired deflection angle. The wavefront distortions reported below
are, therefore, the wavefront averaged over multiple scanner oscillations as the beam crosses
the slit. The width of the slit was chosen as an arbitrary compromise between sampling

the desired location more precisely (i.e., narrower slit) and acceptable signal-to-noise ratio
(i.e., wider slit). A linear polarizer in front of the SHWS was oriented to mitigate undesired
backreflections from the lenses.

SHWS images were captured at scanner deflection between 0° and 2.3° for the 13.8

kHz scanner and 0° and 12.2° for the 29.4 kHz scanner (with the nonresonant axis
unpowered). Data were not captured for negative angles due to the symmetry expected
from the approximate linear nature of the wavefront distortion, both from theory [14] and
experimental results [23]. The static wavefront distortions due to the optical elements in the
setups and the scanner mirrors themselves were measured by capturing additional SHWS
images with the resonant scanners manually rotated about their pivot point with the scan
amplitude set to its minimum value (0.25 mA driving current for the MEMS scanner and 50
mV for the galvanometric scanner). Speckle averaging, achieved by these small amplitude
oscillations, erases the wavefront of the light’s first pass through the optics [55].

The centroids of the SHWS lenslet images were determined using an iterative fractional
centroiding algorithm [23] with a final search box width equal to that of the diffraction-
limited lenslet image central lobe. Centroid displacements due to dynamic wavefront
distortions were calculated by subtracting the centroids of the images captured with static
aberrations alone from those of images captured with static plus dynamic aberrations. The
local wavefront slope at each lenslet center was calculated as the ratio of the centroid
displacements and the lenslet focal length. The wavefronts were estimated over a circular
SHWS camera region (see dotted red circles in Figs. 1 and 2), using a least-squares fitting
of Zernike polynomial gradients up to the 15th order, accounting for the averaging over each
lenslet [56]. The results were verified with zonal wavefront integration following the slope
geometry of Southwell [57]. The wavefront root-mean-square (RMS) reproducibility error
was found to be lower than 5.1 nm. The errors due to SHWS sampling and illumination
nonuniformities [58] are expected to be lower than 0.1% and 0.6%, respectively, for each

of the Zernike polynomials of interest. The discrete Fourier transform was used to evaluate
the point spread function (PSF), assuming a uniformly illuminated circular pupil. The
corresponding Strehl ratios were then estimated from the on-axis intensity normalized to that
of an aberration-free beam through the same pupil [59].

3. RESULTS

Dynamic wavefront distortion for the 13.8 kHz scanner, shown in Fig. 3(a), is dominated
by oblique astigmatism (90%), followed by vertical astigmatism (6%) and oblique trefoil
(3%). These aberrations are consistent with those seen in resonant scanners in which mirrors
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are attached to the motor only on one side [23]. The plots in Figs. 3(c)-3(e) reveal that,

as expected, the wavefront peak-to-valley (P-V) and RMS are directly proportional to the
angular deflection, and the Strehl ratio drops for larger beam deflection angles. If the linear
oblique astigmatism were compensated, for example, as proposed by Huang and Dubra
[60], the residual wavefronts, shown in Fig. 3(b), and their P-V and RMS at 2.3° would be
reduced to 143 from 377 nm and to 22 from 68 nm, respectively. This correction would
result in diffraction-limited performance (i.e., RMS < 1/14 wave or Strehl ratio >0.8) at
450, 650, and 850 nm over beam deflection angles equal or smaller than 1°, 1.5°, and 2°,
respectively, as can be seen in Figs. 3(d) and 3(e).

The dynamic wavefront distortion of the 29.4 kHz MEMS resonant scanner, measured over
the clear aperture, which includes nearly 98% of the mirror’s diameter (1.2 mm), is shown
in Fig. 4 for various deflection angles. For these wavefronts, the mean RMS and mean P-V
at 12.2° deflection, are 39 and 330 nm, respectively, dominated by Zernike horizontal coma
(30%) and oblique trefoil (27%). The dominance of these aberrations is consistent with the
fact that boundary conditions are imposed by the clamping of the scanner mirror at the

top and bottom, which means that only aberrations described by Zernike polynomials with
odd radial orders [61] can be present. Moreover, the vertical mirror symmetry means that
only aberrations symmetric relative to the horizontal axis should be observed, (i.e., Zernike
polynomials with positive azimuthal indices), which is also consistent with our data.

Extrapolation of the dynamic wavefront P-V to the scanner largest possible beam deflection
angle (20°, not measured due to the limited numerical aperture of our optics) with a 1.2 mm
pupil diameter, predicts a wavefront P-V of 485 nm, which is close to the manufacturer’s
480 nm prediction from finite-element analysis shown in Fig. 5.

The wavefront RMS and Strehl ratio plots in Figs. 4(c) and 4(d) show that, assuming the
absence of static aberrations, for wavelengths 850 nm and longer, the scanner is effectively
diffraction-limited over its entire £ 20° deflection range and over its full clear aperture. For
visible wavelengths, however, this is only the case for half of its dynamic range. This can

be overcome, however, by using a narrower beam, as illustrated in Fig. 6, provided that the
desired Lagrange invariant can still be achieved. For example, reducing the beam diameter
to 80% of the clear aperture would reduce the wavefront RMS by 44%, increasing the Strehl
ratio at 20° from 0.53 to 0.85 at 450 nm. Similarly, a reduction in the beam diameter at the
13.8 kHz galvanometric scanner operating from its clear aperture diameter from 4.0 to 3.0
mm (75%) would reduce the wavefront RMS by 47% and increase the Strehl ratio from 0.44
to 0.79, at a beam deflection angle of 2.3° and 450 nm wavelength.

4. SUMMARY

Despite the wide availability and use of mechanical resonant optical scanners, their dynamic
distortion continues to limit their performance. This is critical for applications such as retinal
imaging [6,7], which plays a significant role in the diagnosis and management of blinding
conditions, as well as functional imaging of biological tissues and organs, such as the brain
[62—64]. In order to advance these and other medical and scientific applications, mechanical
scanners with higher resonant frequencies than those currently available and with low
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dynamic distortion are needed. This is because rapid scanning technologies that exploit
optical phenomena such as optoacoustic deflection, are wavelength- and/or polarization-
dependent, and often dispersive. Mechanical deflection using metallic coating mirrors
such as those used here, however, are achromatic, have negligible polarization-sensitivity,
minimal dispersion, and are compatible with high optical powers. Hence, mechanical
scanners will continue to be widely used for the foreseeable future.

Here, we evaluated two promising alternatives, one that could improve the performance

of existing galvanometric resonant scanners by using mirror substrates made of novel
materials such as SiC, and one that could altogether replace traditional galvanometric
mirrors, which is the latest generation of MEMS optical scanners with double the maximum
resonant frequencies than were previously possible. Our data show that the SiC substrate
oscillating at 13.8 kHz deforms ~3 times less than traditional optical glasses, and 2.6
times less than Clearceram-Z resonating at 15.1 kHz [23], reaching values comparable

to beryllium but without the high costs due to its toxicity during the manufacturing
process. Further, SiC composites exhibit greater thermal stability than beryllium [28]. The
small dynamic distortion of the MEMS scanner (Fig. 5) offers a promising alternative

to galvanometric resonant scanners, with diffraction-limited performance over comparable
Lagrange invariants to those of galvanometric scanners and currently unattainably high
resonant frequencies.

In summary, the use of both the SiC substrate and the MEMS scanners can improve
the performance of imaging and sensing instrumentation that requires mechanical beam
deflection through resonant scanners.
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Fig. 1.
Testbed used for measuring dynamic wavefront distortion in a galvanometric resonant

scanner with a SiC mirror. In this diagram, BS is a beam splitter, #;represents focal length of
an achromatic lens in millimeters, and P ;denotes a linear polarizer. A red dotted line shows
a 4 mm pupil over a SHWS image. The bottom left panels show the mirror in its mount and
a magnified inset.
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Fig. 2.

Te%]stbed used for measuring dynamic wavefront distortion in a MEMS resonant scanner.

In this diagram, BS is a beam splitter, 7;represents focal length of an achromatic lens in
millimeters, and P;denotes a linear polarizer. A red dotted line shows a 1.2 mm pupil over a
SHWS image. The bottom left panels show the mirror in its mount and a magnified inset.
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Fig. 3.

Dynamic wavefront distortions at various deflection angles in a galvanometric resonant
scanner with a SiC mirror oscillating at 13.8 kHz and over a 4 mm clear aperture diameter,
(a) Full wavefront, and (b) after oblique astigmatism subtraction; (c) and (d) show the linear
increase of wavefront P-V and RMS with beam deflection angle. The dotted lines parallel
to the xaxis in (d) represent diffraction-limited RMS for the corresponding wavelengths.
The Strehl ratio as a function of the beam deflection angle at 450, 650 and 850 nm
wavelengths is shown in (e), and the green shaded region satisfies Maréchal diffraction-
limited performance. The values along the top horizontal axes in light orange denote the
Lagrange invariant (product of maximum peak-to-peak beam deflection angle and beam
diameter) in units of millimeters/degrees to facilitate performance comparison with other
scanners.
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Fig. 4.

(a) Dynamic wavefront distortions at various deflection angles in a MEMS resonant scanner
oscillating at 29.4 kHz and over a 1.2 mm clear aperture diameter; (b) and (c) show

the linear increase of wavefront P-V and RMS with beam deflection angle. The dotted

lines parallel to the xaxis in (c) represent Maréchal diffraction-limited RMS for the
corresponding wavelengths. The Strehl ratio as a function of the beam deflection angle

at 450, 650, and 850 nm wavelengths is shown in (d), and the green shaded region satisfies
Maréchal diffraction-limited performance. The dotted lines in (d) represent extrapolated
Strehl ratios. The values along the top horizontal axes in light orange denote the Lagrange
invariant (product of maximum peak-to-peak beam deflection angle and beam diameter) in
units of millimeters/degrees to facilitate performance comparison with other scanners.
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Fig. 5.

Cc?mparison of manufacturer’s prediction through finite-element analysis of the dynamic
wavefront deformation of the MEMS mirror (1.20 mm clear aperture diameter) resonating at
29.4 kHz and +20° (left) against the corresponding extrapolated Shack—Hartmann wavefront
sensor measurement (right). The dotted red circle has a diameter of 1.23 mm.
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Fig. 6.

Comparison of wavefront P-V, wavefront RMS, and Strehl ratio (450 nm), when using two
different pupil sizes at the resonant scanner mirrors: 4 (solid lines) and 3 mm (dotted lines)
for the 13.8 kHz galvanometric resonant scanner; and similarly, 1.20 (solid lines) and 0.96
mm (dotted lines) for the 29.4 kHz MEMS resonant scanner. The dotted lines parallel to the
xaxis in (b) and (e) represent Maréchal diffraction-limited RMS for the wavelengths shown
and the green shaded region in (c) and (f) satisfies diffraction-limited performance. The solid
and dotted lines in (c) represent lines joining data points, and those in (f) represent fitted and
extrapolated Strehl ratio values.
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