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Abstract: A novel MEMS continuous deformable mirror (DM) is presented. The mirror can be
integrated into optical systems to compensate for monochromatic and chromatic aberrations. It is
comprised of a 1.6 mm circular plate supported by eight evenly spaced flexural springs. Unlike
traditional bias actuated DMs, it uses resonant electrostatic actuation (REA) to realize low- and high-
order Zernike modes with a single drive signal. Instead of the hundreds or thousands of electrodes
deployed by traditional DMs, the proposed DM employs only 49 electrodes and eliminates the
need for spatial control algorithms and associated hardware, thereby providing a compact low-cost
alternative. It also exploits dynamic amplification to reduce power requirements and increase the
stroke by driving the DM at resonance. The DM was fabricated using a commercial silicon-on-
insulator (SOI) MEMS process. Experimental modal analysis was carried out using laser Doppler
vibrometry (LDV) to identify mode shapes of the DM and their natural frequencies. We are able to
observe all of the lowest eight Zernike modes.

Keywords: deformable mirrors; resonant electrostatic actuation; wavefront aberration; Zernike modes

1. Introduction

The performance of optical systems is often limited by aberrations that degrade image
resolution and contrast. Aberrations may be induced by atmospheric turbulence, temper-
ature variations, optical misalignment, layer inhomogeneity, or shape imperfection [1,2].
Adaptive optics (AO) seeks to improve the performance of those systems by compensating
for optical aberrations. Deformable mirrors (DMs) are the most common adaptive correc-
tion elements due to their high optical efficiency and independence from wavelength [3].
Recent progress in AO has shown that DMs can be used in many applications including
astronomy [4,5], microscopy [1,6–8], and ophthalmology [9,10] to correct optical aberrations
and improve image resolution.

Zernike polynomials are used to describe wavefront aberrations [11,12]. DMs deform
their reflective surfaces to depict a Zernike mode in order to eliminate the correspond-
ing aberration in the incident wavefront [13]. A distributed actuator array underneath
the mirror surface provides the actuation necessary to realize the required deformation.
The performance of DMs is evaluated in terms of the realized stroke, power consumption,
device complexity, and fabrication costs [14,15].

The last 50 years have seen the development of a large number of DMs. Traditional
DMs were initially developed to eliminate optical aberrations in telescopes [16]. However,
they were bulky, expensive, and their power consumption was high [17–19]. The advent of
micromachining and microelectromechanical systems (MEMS) presented an alternative
to those mirrors and extended the field of AO into microscopy, laser machining, oph-
thalmoscopy, and optical coherence tomography [15,20]. MEMS technology enabled the
manufacturing of low-cost, low-power-consumption, and compact DMs [3,21]. They are
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made of either discrete segments [22–26] or a single continuous plate [15,27–29]. Piezoelec-
tric, electrostatic, electrothermal, and electromagnetic actuation mechanisms are used in
MEMS DMs with the majority relying on either electrostatic or piezoelectric actuation.

Electrostatic actuation [15,22–24,27–31] is more popular than others due to its compat-
ibility with microfabrication, simple structure, and fast response time [32,33]. However,
it requires high operation voltages and a large number of actuators, which poses com-
plex hardware and control challenges [34–38]. Specifically, DC actuators have “influence
functions” that describe the amount of deformation that they create in the reflective sur-
face [13,39]. Deforming the DM into a given Zernike mode requires the solution of a linear
system consisting of those functions to find the magnitude of the voltage each of them
requires [14]. A complex control system, complicated circuit, and associated hardware
are then necessary to supply voltage individually to each of them. More complex, higher-
order Zernike modes require the recruitment of larger numbers of actuators. For example,
Boston Micromachines Inc.’s DMs [15,24,27] can precisely compensate for low and high
order aberrations, but they rely on a large number of electrodes, complex algorithms,
and associated hardware.

Piezoelectric actuation [40–43] can provide large stroke with low voltages, but piezo-
electric actuator structures are complicated and suffer from hysteresis and incompatibility
to micromachining. Electromagnetic actuation [44,45] produces the largest stroke compare
to others. However, it requires provisioning the DM with a coil and permanent magnets.
Electrothermal actuation [46–48] can generate high forces to reach large stroke, but it suffers
from high power consumption and a long response time.

Recent developments in AO have emphasized the need for miniaturized, large-stroke,
low-cost, and easy-to-drive DMs to compensate for optical aberrations in real time [39,49,50].
In this paper, we present a novel MEMS DM that can be used to correct wavefront aber-
rations during real-time scanning. It employs resonant electrostatic actuation (REA) via
49 electrodes to deform a circular plate. REA drives the mirror at resonance and exploits
dynamic amplification to increase the stroke with a minimal number of electrodes. The DM
surface is continuous, thereby eliminating light diffraction across the facesheet. It can
correct both low- and high-order aberrations using a single actuator array driven by a
single voltage waveform.

The DM is designed to meet ophthalmology needs and fabricated using a silicon-on-
insulator (SOI) MEMS fabrication process [51]. Its natural frequencies and mode shapes
are predicted by finite element (FEM) simulations and experimentally verified using laser
Doppler vibrometry (LDV). The evolution of the mirror surface at the resonance of the
first axisymmetric mode (defocus mode) is measured and compared with the theoretical
Zernike defocus mode.

2. Mirror Design and Fabrication
2.1. Design

The DM, shown in Figure 1, is comprised of 10 µm thick circular crystal silicon plate
with a diameter of 1.6 mm. A 75 nm thick gold layer is deposited on top of it to create a
reflective surface. The plate is supported by eight equally spaced 100 µm long, 15 µm wide,
and 10 µm thick beams. The DM is actuated electrostatically via 49 electrodes arranged into
four concentric tiers. The air gap between the bottom surface of the plate and the electrodes
is 20 µm. The dimensions of the DM are listed in Table 1 and illustrated in Figure 2.

In ophthalmology, fifth order Zernike modes are used to categorize the aberrations
induced by the human eye. These aberrations in turn degrade the image resolution of the
retina during laser scanning. Therefore, the first design criterion of the proposed DM is to
replicate those biologically relevant Zernike modes. FEA found that supporting the circular
plate with two to seven evenly spaced beams is not enough to replicate those modes.

Eight identical beams were found to be the minimum number necessary to replicate
the desired Zernike modes. It was also found that increasing the support beams stiffness
can distort the plate modes away from the Zernike modes. Therefore, COMSOL simulations
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were carried out to minimize the impact of the support beams on the plate mode shapes.
We found that the support beams' stiffness was low enough to minimize their interference
with the plate modes when their dimensions were as follows: length l = 100 µm, width
w = 15 µm, and thickness t = 10 µm.

Figure 1. A microscopic picture of the DM.

Table 1. Dimensions of the DM.

Parameter µm

Mirror radius, a 800
Mirror thickness, t 10
Beam length, l 100
Beam thickness, h 10
Beam width, w 15
Capacitive gap, d 20

Figure 2. A schematic of the DM and its dimensions.

The DM operating principle calls for dynamic actuation at the natural frequency of
the DM corresponding to the desired Zernike mode. This approach exploits dynamic am-
plification to guarantee maximum stroke. The third design criterion calls for the operating
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(natural) frequencies above the fi > 10 kHz, to protect against shot noise and external
disturbances, and below fi < 1 MHz to reduce the complexity of the drive circuit. These
design criteria along with the limitations of Micragem-Si fabrication process [51] set the
mirror plate diameter and thickness.

The fabrication process uses two SOI wafers. The mirror plate and support beams
are fabricated the device layer of the top wafer, made of crystalline silicon (100) with a
modulus elasticity of E = 129.5 GPa, a density of ρ = 2320 kg/m3, and a Poisson’s ratio
of v = 0.28. The electrodes and mirror anchors are patterned into the device layer of the
bottom wafer. The two wafers are anodically bonded to form the DM and a 75 nm gold
layer is deposited on top of it to create the mirror reflective surface. Figure 3 shows the
fabrication steps.

Figure 3. (a) DRIE etching to pattern the electrodes. (b) Patterning of the mirror, support beams,
and posts. (c) Anodic bonding. (d) Wet etching of the handle layer and buried oxide on top wafer.
(e) Gold deposition.

2.2. Predicted Mode Shapes

An eigenfrequency analysis was conducted by using FEA package COMSOL Multi-
physics to obtain the DM mode shapes and their natural frequencies. The results show that
the defocus mode (1,0), primary coma mode (1,1), astigmatism mode (0,2), primary spheri-
cal mode (2,0), trefoil mode (0,3), secondary coma mode (2,1), tetrafoil mode (0,4), and sec-
ondary spherical mode (3,0) appear at frequencies of f1 = 23.951 kHz, f2 = 57.07 kHz,
f3 = 85.984 kHz, f4 = 105.55 kHz, f5 = 111.9 kHz, f6 = 127.33 kHz, f7 = 155.76 kHz,
and f8 = 242.03 kHz, respectively. The mode shapes are shown in Figure 4. Note that the
colour map for the mode shapes is defined in terms of absolute displacement values. As a
result, the locations of maximum and minimum displacements within a mode shape are
coloured in red. Aberrations in the DM modes away from Zernike modes are particularly
pronounced in the primary and secondary spherical modes. They occur due to the presence
and stiffness of the support beams.
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Figure 4. Predicted DM mode shapes obtained from COMSOL: (a) Defocus at f1 = 23.95 kHz.
(b) Primary coma at f2 = 57.07 kHz. (c) Astigmatism at f3 = 85.98 kHz. (d) Primary spherical at
f4 = 105.6 kHz. (e) Trefoil at f5 = 111.9 kHz. (f) Tetrafoil at f6 = 127.33 kHz. (g) Secondary coma at
f7 = 155.8 kHz. (h) Secondary spherical at f8 = 242.0 kHz.

3. Experimental Characterization

Modal analysis was carried out experimentally using LDV. Figure 5 shows a schematic
of the experimental setup. A function generator and a voltage amplifier provided the
excitation signal. LDV was used to capture out-of-plane displacement and velocity of the
target point on the mirror surface. The output signals were discretized using an oscilloscope.

Figure 5. A schematic of the experimental setup.

The axisymmetric and circumferential modes were excited by applying an electrostatic
forcing pulse train to an axisymmetric and a circumferential actuator arrays, respectively.
The spatial distribution of the actuator arrays are highlighted in green in the insets of
Figure 6a,b. The voltage waveform in both cases had a frequency of 1 kHz, an amplitude of
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75 V, and a pulse width of 20 µs. The response was measured using the vibrometer at the
center of the mirror plate and a point on the perimeter for axisymmetric and circumferential
modes, respectively, as illustrated in the insets of Figure 6a,b. The time-histories of the
velocity response to a single pulse at those points were averaged a 100 times and are shown
in Figure 6.

Figure 6. (a) Axisymmetric and (b) circumferential actuation schemes. (c,d) The corresponding FFTs .

The FFT of the center point velocity, Figure 6c, shows three peaks corresponding to the
first three axisymmetric modes, namely defocus (1,0), primary spherical (2,0), and secondary
spherical (3,0), with resonant frequencies at f1 = 16 kHz, f4 = 81 kHz, and f8 = 187 kHz,
respectively. The FFT of the perimeter point velocity, Figure 6d, shows seven circumferential
modes in addition to the three axisymmetric modes described above. Specifically, the peaks
at f2 = 43 kHz, f3 = 68 kHz, f5 = 87 kHz, f6 = 105 kHz, f7 = 122 kHz, f9 = 251 kHz,
and f10 = 330 kHz correspond to primary coma (1,1), astigmatism (1,2), trefoil (1,3), tetrafoil
(1,4), secondary coma (2,1), pentafoil (1,5), and hexafoil (1,6) Zernike modes, respectively.
A mode appearing at 162 kHz was not identified. The tetrafoil (1,4) was also observed at
187 kHz where it was interacting with secondary spherical mode (3,0).

4. Results and Discussion

The DM can correct optical aberrations by taking their counter shape. To achieve
that, it is driven by a harmonic excitation force with a frequency tuned to the resonance
frequency of the required mode. Recalling that the electrostatic force is given by:

Fe =
α V2(t)
(d − w)2 (1)
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where α is a parameter dependent on the actuator dimensions, V(t) is the driving voltage
signal, d is the capacitive gap, and w is the mirror counter deformation. For a harmonic
excitation signal

V(t) = A cos(2 π f t) (2)

the electrostatic force takes the form

Fe =
α

(d − w)2

( A2

2
+

A2

2
cos(4 π f t)

)
(3)

we note that the signal frequency f is half the forcing frequency and, therefore, resonance
excitation requires setting the signal frequency to f = 1

2 fi. Under such an excitation,
the DM surface will deform to replicate desired mode shape.

The resonant DM is designed for pulsed laser scanning instead of continuous laser
scanning. Therefore, the frequency of the incident pulsed laser beam should be synchro-
nized with the frequency of the mirror oscillations fi. To demonstrate this functionality,
axisymmetric and circumferential modes observed above were realized experimentally.

First, the three axisymmetric mode shapes were captured by applying a single har-
monic voltage signals with an amplitude of 100 V to the electrodes of the axisymmetric
actuation scheme. The signal frequency was set to f = f1/2, f4/2, and f8/2. In each case,
the multipoint scan of the LDV was used to capture the resulting mode shape.

The circumferential mode shapes were realized by applying a single harmonic voltage
signal with an amplitude of 100 V to the electrodes of the circumferential actuation scheme.
The frequency of the signal was set to f = f2/2, f3/2, f5/2, f6/2, and f7/2 to realize
resonant excitation and a LDV multipoint scan was carried out to capture the resulting
mode shape. Figure 7 shows the extracted experimental mode shapes.

Comparing the measured mode shapes, Figure 7, to those predicted numerically,
Figure 4, we find that they are in qualitative agreement. Furthermore, the order of the
modes is preserved between the model and the fabricated DM. However, the measured
natural frequencies are uniformly lower than those predicted by the model with the dif-
ference varying from 20.9% to 24.5% except for the defocus mode, which is lower by 50%.
The uniform drop in natural frequencies suggests that the underlying reason is lower
support beam stiffness than that estimated by the FEM model. Inspection of their length
and width showed that they matched the design values. The reduced beam stiffness may
be a result of support nonideality.

To evaluate the quantitative agreement between the experimental modes and the theo-
retical Zernike modes, a comparison was carried out for the defocus mode. The harmonic
signal of Equation (2) was applied to the axisymmetric excitation scheme with A = 100 V
and f = 8 kHz to excite the defocus mode. The evolution of the mirror surface while
oscillating in this mode wd(r, t) was measured using the LDV at 15 grid-points evenly
spaced along a DM diameter starting from the tip of one support beam to the tip of the
opposite beam. The mirror dynamic deformation was measured as the relative displace-
ment between the measurement point and the averaged displacement of the beam tips.
This corresponds to response of the second term of Equation (3).

A step voltage with a frequency of 1.024 kHz and an amplitude, equal to the root
mean square (RMS) of this harmonic excitation signal 70.71 V, was applied to axisymmetric
actuation scheme to measure the equilibrium profile around which the mirror surface
oscillates ws(r). The LDV was used to measure the steady-state response at the same
15 grid-points. This corresponds to the response of the first term in the Equation (3).
The total response was evaluated as

w(r, t) = wd(r, t) + ws(r) (4)

A least square fit was deployed to estimate the evolution of the continuous DM surface
out of the measured displacements of 15 grid points. The maximum stroke at the mirror
center was measured to be 1.2 µm.
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Figure 7. Experimental mode shapes obtained by using a laser Doppler vibrometer. (a) Defocus
mode at f1 = 16 kHz. (b) Primary coma at f2 = 43 kHz. (c) Astigmatism at f3 = 68 kHz. (d) Primary
spherical at f4 = 81 kHz. (e) Trefoil at f5 = 87 kHz. (f) Tetrafoil at f6 = 105 kHz. (g) Secondary coma
at f7 = 122 kHz. (h) Secondary spherical at f8 = 187 kHz.

The theoretical Zernike mode (red line) and DM mode (blue line) are compared in
Figure 8. The grid points are shown in the figure as green dots. The radial location is
normalized with respect to the DM diameter and the displacement is normalized with
respect to the stroke. The RMS error (deviation) of the DM mode from the Zernike mode
was found to be less than 0.32 over the mirror plate and less than 0.05 over a 1.1 mm
diameter circle at the center of the mirror.

Table 2 compares the design and performance of the resonant DM to other state-of-
the-art MEMS DMs. While piezoelectrically, electromagnetically, and electrothermally
actuated DMs exist, the dominant actuation method is electrostatic. Bifano et al. [52]
designed one of the earliest high-performance DMs consisting of a 3.3 mm by 3.3 mm square
continuous plate actuated by an array of 140 electrodes. This is the basis of commercial
DMs currently offered by Boston Micromachines Inc. (BMC) [53]. Helmbrecht et al. [22]
designed a similar sized segmented DM with a larger stroke (7.5 µm) using a smaller lower
electrode count. It is the basis of the commercial DMs currently offered by Iris AO Inc. [54].
Cornelissen et al. [27] developed a much larger continuous DM (a 26.8 mm by 26.8 mm)
actuated by 4096 electrodes for astronomical imaging applications. It can achieve a stroke
of 4 µm under an actuation voltage of 225 V. This is the basis of commercial DMs currently
offered by BMC Inc. [55].
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Figure 8. A comparison between the normalized measured and Zernike defocus modes .

Table 2. Comparison with other MEMS DMs.

Author Actuation Stroke (µm) # Actuators Surface V (RMS) Aperture (mm)

Bifano [52] E.static 2 140 Cont. 240 3.3
BMC Inc. [53] E.static 1.5–5.5 137, 140 Cont. – –
Helmbrecht [22] E.static 7.5 137, 111 Segment 125 3.5
Iris AO Inc. [54] E.static 7 111 Segment – 3.5
Cornelissen [27] E.static 3 4096 Cont. 225 26.8
BMC Inc. [55] E.static 1.5–5.5 2048–4092 Cont. – 18.6–25
Hishinuma [40] PZT 5 16 Cont. 50 2.5
Xu [56] PZT 4.5 100 Cont. 100 30
Park [57] E.magnetic 17 25 Cont. <1 12
This work E.static 1.2 49 Cont. 106 1.6

Hishinuma et al. [40] and Xu et al. [56] developed piezoelectric DMs with specifications
similar to the electrostatic DMs discussed above. In contrast, electromagnetic DMs, such
as that of Park et al. [57], offer larger strokes at much lower actuation voltages. They are
not, however, suitable for fast wavefront correction due to longer response times. The DM
presented in in this work can correct low- and high-order wavefront aberrations in real time
because of its fast response time. It is also suitable for miniaturized AO systems given its
lower electrode count, elimination of individually addressable electrodes, and their control
systems compared to other electrostatic DMs.

5. Conclusions

A novel MEMS adaptive mirror was designed, fabricated, and characterized. The DM
shows that resonant electrostatic actuation can be used to realize low- and high-order
Zernike modes via a single harmonic voltage signal. This actuation methodology eliminates
the need for individually addressable accessible electrodes, complex control algorithms,
and associated hardware. The novel mirror and actuator design allowed us to successfully
realize eight Zernike modes with only 49 actuators. The DM can be integrated into adaptive
optical systems to compensate for low- and high-order wavefront aberrations during real-
time scanning. The presented DM can advance the state-of-the-art in aberration correction
as a low-cost and high-performance alternative to the more complex DMs.
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