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Abstract—A comb-actuated torsional microscanner is developed for high-resolution laser-scanning display systems. Typical
torsional comb-drive scanners have fingers placed around the
perimeter of the scanning mirror. In contrast, the structure in
this paper uses cascaded frames, where the comb fingers are
placed on an outer drive frame, and the motion is transferred
to the inner mirror frame with a mechanical gain. The structure
works only in resonant mode without requiring any offset in the
comb fingers, keeping the silicon-on-insulator-based process quite
simple. The design intent is to improve actuator efficiency by
removing the high-drag fingers from the high-velocity scanning
mirror. Placing them on the lower velocity drive frame reduces
their contribution to the damping torque. Furthermore, placement
on the drive frame allows an increase of the number of fingers
and their capacity to impart torque. The microscanner exhibits
a parametric response, and as such, the maximum deflection is
found when actuated at twice its natural frequency. Analytical
formulas are given for the coupled-mode equations and frame
deflections. A simple formula is derived for the mechanical-gain
factor. For a 1-mm × 1.5-mm oblong scanning mirror, a 76◦ total
optical scan angle is achieved at 21.8 kHz with 196-V peak-to-peak
excitation voltages.
[2009-0304]
Index Terms—Comb drive, display, high-frequency scanning,
mechanical coupling, torsional microscanner.

I. I NTRODUCTION

M

ICROSCANNERS are fundamental components in
miniaturized systems for display [1], [3], imaging [4],
[5], spectroscopy [6], barcode scanning [7], and telecommunication systems [8]. Microelectromechanical system (MEMS)
scanners can meet the high-resolution, low-power consumption, and high-scanning speed requirements in such demanding
applications. As an example, a Super Visual Graphics Array
(SVGA) display requires a scan frequency f > 20 kHz and the
product of the total optical scan angle (TOSA) θOPT and mirror
size D to be > 40◦ · mm [9]. Fig. 1(a) compares published
scanner performances [10]–[26], [32] according to θOPT · Dproduct and horizontal scan frequency f . The product θOPT ·
D · f can be considered as a new figure of merit indicating
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Fig. 1. (a) Microscanner-performance comparison based on the literature
[10]–[26], [32]. Only high-performance scanners are reported and numbers
in the plot area correspond to the reference listed below the figure. Triangle
and square indicate ES- (J and R are parallel plate driven; all other ES
scanners utilize comb drive) and EM-actuated scanners, respectively. The data
for scanners J and L are acquired at reduced pressure. Scanners B and N
are both 2-D scanners. Scanner B is also equipped with a position-feedback
signal. Scanners G, M, and E are metallic; all others are made out of silicon.
The solid lines indicate requirements for different display formats assuming
60-Hz refresh rate and bidirectional scanning, except for the HDTV line in
the second chart, which assumes bidirectional scanning with two separate laser
beams to reduce the frequency requirements. (b) Performance comparison of
ES scanners according to two metrics: θOPT · D · f and θOPT · D · f /V
[11], [18], [20][21], [25], [26], [32]. The former indicates the number of pixels
per second, while the latter is an efficiency metric. The scanner presented here
has a very high θOPT · D · f -product and, at the same time, one of the highest
efficiencies [9].

the number of pixels per second. For electrostatic (ES) scanners with actuation voltage amplitude V , θOPT · D · f /V can
additionally be used as a metric to compare relative scanning
efficiencies. Fig. 1(b) shows the ES scanner comparison using
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those metrics. The scanner reported in this paper, marked as “A”
in the figures, is among the highest performing devices in the
literature and exceeds the frequency and scan-angle mirror-size
requirements of SVGA and high-definition television (HDTV)
display systems. There are additional requirements to make a
dynamic display system, such as dynamic mirror deformation
and angle sensors, in order to achieve diffraction-limited spot
quality and high-precision pixel placement during scanning.
Those additional requirements are not considered in this comparison. Best performing scanners are either electromagnetically (EM) or ES actuated.
EM-actuated 2-D scanners have been commercialized for
picoprojector applications [3], [10]. EM scanners require the
placement of magnets close to the scanning device, while
ES comb-drive scanners have a fairly simple fabrication and
arrangement of the actuator, with the tradeoff of requiring high
voltage. ES-actuated scanners have been demonstrated by many
groups [9], [11], [13], [14], [16], [18]–[20], [24]–[26], [32].
For ES-actuated resonant MEMS scanners, the performance
is typically limited by the damping power losses at high frequencies and the small actuator capacitance of the structure
due to limited perimeter area around the torsion mirror. In this
paper, a mechanical-coupling principle is proposed to overcome
these limitations. This paper presents results of modeling, fabrication, and characterization and demonstrates that this can
be used to achieve very high performance scanning. Torsion
scanners utilizing mechanical coupling to benefit from the
aforementioned advantages were earlier demonstrated for EM
actuation [10] and for a parallel-plate ES scheme [32].

Fig. 2.
drive.

937

(a) Picture of a full die. (b) Detail of inner and outer flexures and comb

II. D EVICE P ROPERTIES
The mechanically coupled comb-drive systems have two
cascaded platforms, as shown in Fig. 2(a), referred to as the
inner and outer frames, connected by the inner flexures. The
device is anchored to the substrate via the outer flexures. Only
the outer frame bears the ES comb-drive actuators, and the
deflection of the outer frame is coupled to the inner frame. The
inner frame is serving as the scanning mirror, and the role of
the outer frame is to serve as the actuator. The main intended
advantage of the arrangement compared with one without an
outer frame (i.e., with the driving comb fingers attached directly
to the mirror instead) is a reduced damping on the highvelocity mirror rotations. Experimental evidence for significant
reductions in air damping of comb-drive scanning mirrors when
the comb-finger gaps are increased has been shown in [30]. The
design described in this paper takes such damping reduction to
an extreme by removing the fingers completely from the highvelocity inner frame and transferring them to a lower velocity
outer frame.
The outer-frame arrangement also allows one to increase the
number of comb fingers compared with direct attachment of
comb fingers to the mirror. Moreover, since the outer-frame
rotation is only a fraction of the inner-frame rotation, the combfinger disengagement can be managed such that the fingers
impart ES torque to the oscillating system throughout the entire
mirror-oscillation cycle, whereas for large-mirror rotations, the
comb fingers directly attached to the mirror will be disengaged

Fig. 3. Fabrication process of the novel comb-actuated torsional scanner.

and unable to impart torque throughout a significant portion of
the oscillation period.
The 50-μm-thick torsional scanner employs a 1-mm ×
1.5-mm mirror. The inner frame is connected to the outer
frame via two straight 750-μm-long and 70-μm-wide flexures
extended along the y-axis. To fix the entire structure, another
suspension system consisting of two straight flexures is used.
The length and the width of these flexures are 280 and 13 μm,
respectively. To lower peak stresses, the corners of both connection points of each flexure are rounded, and the inner flexures
are fixed to the outer frame through a T-beam. The T-beam
connection also helps to linearize the relationship between the
elastic restoring torque and the deflection. The overall device
size is 3.9 mm × 1.89 mm × 50 μm. Comb actuators are placed
on both edges of the outer frame. In each comb set, individual
combs are 5 μm wide and have a pitch of 20 μm.
The three-mask fabrication process is shown in Fig. 3.
As starting material, silicon-on-insulator (SOI) wafers with
a doped 50-μm-thick device layer are used [Fig. 3(1)]. To
form the wire-bond electrodes and the mirror coating, Al is
sputtered onto the device layer [Fig. 3(2)] and then patterned
by photolithography using mask 1 [Fig. 3(3)]. Next, the device
structures are defined through lithography with mask 2 and
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front-side deep reactive-ion etch (DRIE) [Fig. 3(4)]. Mask 3
is now used to perform lithography for backside windowing.
After the backside DRIE [Fig. 3(5)], the devices are released
through etch of the buried oxide in HF vapor [Fig. 3(6)].
III. A NALYTICAL M ODELING AND FEA R ESULTS
A. Equation of Motion of the System
The two-degree-of-freedom (2-DoF) scanner is modeled using the Euler–Lagrange method, where potential and kinetic
energies for each component in the system are inspected [10].
For the system shown in Fig. 2, θi and θo represent the
mechanical scan angle of the inner and outer frames, and TEXT
is the total ES torque created at the comb fingers. The equations
of motion of the coupled system are written as
Ji θ̈i + bi θ̇i + ki (θi − θo ) = 0
Jo θ̈o + bo θ̇o + (ki + ko )θo = TEXT + ki θi

(1)

where J is the inertia, k is the spring constant, and b is
the damping coefficient. The damping-coefficient and springconstant parameters are assumed to be time independent in the
analytical analysis of the system. The subscripts “i” and “o”
denote the inner and the outer frames, respectively.
B. Mechanical-Coupling Principle
Unlike single-frame scanners, there are two torsion modes
of interest in the two-frame scanners: one being out-of-phase
(referred to as OP throughout this paper) and the other one
being in-phase (referred to as IP throughout this paper) with
respect to the two frames. In the scanner presented here, the
inner frame bears no actuators, and a small movement of
the outer frame is coupled into, and amplified at, the inner
frame with a mechanical coupling gain (M ). Fig. 4 shows
the frequency response of the mechanically coupled systems
with both magnitude and phase information. At lower vibration
frequency, the inner and outer frames move in phase, whereas
at higher vibration frequency, the frames move out of phase [2].
Large inner-frame-response amplitude can be obtained either
at the IP-resonant mode [as in Fig. 4(a)] or the OP-resonant
mode [as in Fig. 4(b)], depending on the mass and the spring
constant of the inner and outer frames and flexures. Note that
the largest mechanical gain between the inner and the outer
frame is obtained in-between the two resonant modes where
the outer-frame’s frequency response is zero. However, the
inner-frame deflection amplitude remains small compared with
the resonant condition, rendering zero frequency an unsuitable
operating point. Typical operating points of interest are the IP
mode in Fig. 4(a) and OP mode in Fig. 4(b), where there is a
mechanical gain.
The IP- and OP-resonance frequencies of the system are
solved and represented by ωIP and ωOP
ωi2

ki
+
−Δ
+
2Jo
2
2
ω2
ki
ω2
=
+ o + i +Δ
2Jo
2
2

2
ωIP
=
2
ωOP

ωo2

(2)

Fig. 4. Frequency and phase response of the coupled resonator system for
two-frame systems. There are two cases of interest based on where the
mechanical coupling (M > 1) is obtained: (a) M > 1 in the IP mode and
(b) M > 1 in the OP mode.

where


Δ=

−4ki ko Ji Jo + (ko Ji + ki Ji + ki Jo )2
.
2Ji Jo

(4)

The natural frequencies ωi and ωo of each frame acting alone
are defined using the stiffness and inertia parameters of the
inner and outer frames and given as


ki
ko
ωi =
ωo =
.
(5)
Ji
Jo
The outer- and inner-frame rotational deflections can be
solved in the Laplace domain for the 2-DoF system
Jo Θo (s)s2 + bo Θo (s)s
+ ki (Θo (s) − Θi (s)) + ko Θ0 (s) = TEXT

(6)

Ji Θi (s)s2 + bi Θi (s)s
(3)

+ ki (Θi (s) − Θo (s)) = 0.

(7)

ARSLAN et al.: COMB ACTUATED RESONANT TORSIONAL MICROSCANNER WITH MECHANICAL AMPLIFICATION

939

The transfer functions of the coupled system are expressed as
Θo (s)
Ji s2 + bi s + ki
=
TEXT
((Jo s2 + bo s + ki + ko )(Ji s2 + bi s + ki ) − ki2 )
(8)
Θi (s)
ki
.
=
TEXT
((Jo s2 + bo s + ki + ko )(Ji s2 + bi s + ki ) − ki2 )
(9)
Setting s = jω for steady-state frequency-domain analysis,
the frequency-dependent mechanical-coupling gain M is calculated by using (8) and (9) and shown as


 Θi (ω) 
ki
= 

M (ω) = 
Θo (ω) 
(ki − Ji ω 2 )2 + (bi ω)2

Fig. 5. Shape of the mechanical operation eigenmodes of the microscanner.
(a) Lower vibration mode: The inner and outer frames move in phase with the
same deflection amplitude. (b) Higher vibration mode: The outer frame and
inner frame motions are out of phase with an amplitude ratio of 9.

(10)

where ω is the vibration frequency. The numerically obtained
IP and OP resonance frequencies are 1.7 kHz and 22.5 kHz,
respectively. The mechanical-coupling gain of the scanner at
ωOP is calculated as 11 using (10).
Finite-element analysis (FEA) of the scanners is performed
using ANSYS simulation tool. As shown in Fig. 5, at lower
vibration frequency, the inner and outer frames move in phase
and deflect by nearly the same amount. At higher vibration
frequency, the respective motions of the inner and the outer
frame are out of phase. Using the FEA, the out-of-phase
resonance frequency of the device is found to be 22.5 kHz,
and the corresponding mechanical coupling gain is 9. In the
ANSYS simulations of the torsional scanners, comb actuators
are modeled as additional inertial volumes on both sides of
the device with smaller effective density in order to decrease
the computational cost. The mechanical-coupling gain derived
using the analytical formulas and the ANSYS results are not
identical due to structural bending. The structural bending of
the outer frame is apparent from the displacement contour plot
in Fig. 5(b). This deformation will distort the collinearity of
the comb fingers attached to the outer frame, which can be
accounted for in the calculation of the actuating capacitance.
Otherwise, the analytical formulas use a rigid-body assumption.
The presented device is designed to achieve 72◦ TOSA at its
coupling frequency, and the parameters are adjusted to keep the
maximum stress below 1.4 GPa [27] for the required deflection
angle. As shown in Fig. 6, at the out-of-phase mode of the
scanner, the stress is accumulated at the connection of the
inner flexure to the outer frame. Using ANSYS, the maximum
principal stress is found to be 1.2 GPa at 22.5 kHz for 72◦
TOSA.
The dynamic deformation of the mirror is not experimentally
measured, but numerical modeling, as seen in Fig. 7, shows
that it is too high for a commercial scanner. Work is continuing
toward a design which can repeat this performance while keeping the dynamic mirror deformation below 10% of the utilized
wavelength [31].

Fig. 6. Stress distribution of the torsional scanner. At the out-of-phase frequency of the scanner, stress is accumulated at the inner flexure and outerframe connection, and the maximum principal stress is found to be 1.2 GPa for
72◦ TOSA.

IV. C HARACTERIZATION
A. Drive Characteristics of the Comb-Actuated
Torsional Microscanners
The dynamic behavior of the comb-drive scanner varies with
the excitation signal and can be modeled with the secondorder differential equation given by (1). At the torsional mode,
the capacitance varies with the angular deflection, and the ES
torque depends on the displacement as well as the excitation
voltage [28]. The actuation torque’s dependence on displacement creates time-varying torsional stiffness, and the system is
described by an equation of motion in the form of parametric
nonlinear ordinary differential equations [27]–[29]. As seen in
Figs. 8 and 9, the scanners exhibit spring-softening behavior,
which is typical for ES scanners [14], [25].
Parametric oscillators have subharmonic oscillations which
are located near 2fr /n, where fr is the mechanical resonance
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Fig. 7. ANSYS analysis of the dynamical warping of the mirror at 18◦ deflection. The deformation amplitude is expressed in multiples of the wavelength
λ = 510 nm.

Fig. 9. Frequency response of Device 1. (a) In-phase mode. (b) Out-of-phase
mode. The solid line represents the upsweep and the dashed line the frequency
response of the downsweep.
Fig. 8. Typical hysteretic frequency response of the nonlinear torsional
scanner.

frequency of the system and n is a positive integer. The largest
amplitude is obtained at n = 1, and it decreases with higher values of n, i.e., for maximum scan angle, the drive signal should
be chosen as twice the mechanical resonance frequency [27].
Hysteretic frequency response is the other remarkable feature of the parametrically excited systems. Two different jump
frequencies are obtained while the frequency is swept up and
down, depending on the initial conditions [28], [29]. The
frequency response of the parametric oscillator is shown in
Fig. 8, and the mechanical jump frequencies are denoted by
f1 and f2 (f1 < f2 ). When the frequency is swept up, the
oscillation starts at f2 , and the deflection angle decreases with
further upsweep. The oscillation characteristic of the oscillator
is different for the downsweep of the frequency. In this latter
case, the mechanical deflection increases until f1 and forms
a peak. However, for even lower frequencies, the oscillations
come to a full stop. Therefore, in order to obtain maximum scan
amplitude, the scanner must be driven close to f1 . The region
between two jump frequencies is unstable, where the maximum
deflections are achieved by sweeping the frequency down from
a stable point. The two boundary frequencies of the unstable
region depend on the amplitude of the excitation voltage.
For different applied voltages, the range between the jump
frequencies changes, and a tonguelike-shaped stability curve is
obtained. The analytical investigation of the stability character-

istics of the system is presented in [28]. The voltage-stability
tongue shows the minimum required voltage for the oscillation
where the two jump frequencies approach each other, and the
unstable region in the frequency-response curve disappears.
B. Experimental Results
Comb-drive torsional-scanner designs are tested to validate
the mechanical-coupling mechanism under ambient pressure
and temperature conditions. All measurements referred to in
this paper are performed using the following dc-biased sinusoid
Vdrive =

V0
(1 + sin ωt)
2

where V0 is the peak-to-peak actuation voltage. This signal
is applied to comb fingers placed on either side of the outer
frame. In order to achieve the maximum angular rotation, the
excitation signal is applied at frequencies equal to two times
the in-phase and out-of-phase resonance frequencies of the
torsional mode.
In this paper, experimental results of two torsional devices,
denoted as Device 1 and Device 2, are presented. They are
fabricated on different SOI wafers. Fig. 9(a) and (b) shows
the frequency response of Device 1 at the in-phase and the
out-of-phase resonance frequencies. The frequency responses
of both torsional devices have the same hysteretic behavior.
The results are obtained at 55 Vpp and 96 Vpp voltages for
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Fig. 10. Voltage-stability curve of Device 1. (a) In-phase mode. (b) Out-ofphase mode. Upsweep and downsweep jump frequencies (f1 and f2 in Fig. 8)
are plotted with respect to drive voltages.

the corresponding modes. As shown in the figure, the in-phase
and out-of-phase resonance frequencies are 1.6 and 21.8 kHz,
respectively.
Voltage-stability tongues of Device 1 are obtained by actuating the scanner with different peak-to-peak voltages, and the
experimentally obtained results of the in-phase and the outof phase modes are shown in Fig. 10(a) and (b). Downsweep
and upsweep frequencies represent f1 and f2 , respectively. As
shown in the figure, the stability boundary of the comb-drive
torsional scanner varies with excitation voltage. The minimum
voltage required to start the out-of-phase oscillation is found to
be 75 Vpp , and at the in-phase resonance mode, the oscillations
start at 10-Vpp voltages.
The voltage response, illustrating the relationship between
the maximum TOSA and the excitation voltage, is plotted for
Device 1 and Device 2 and shown in Fig. 11. As discussed in
the previous subsection, the maximum deflection is obtained at
the downsweep frequency, and the corresponding inner-frame
TOSA values are plotted in the figures. At the in-phase mode
of Device 1, a 42◦ TOSA is obtained with 76 Vpp at 1.6 kHz,
and the mechanical deflection of the inner and outer frames
are equal. The out-of-phase frequency of the torsional mode is
21.8 kHz, and a 76◦ TOSA is obtained with 196 Vpp (Fig. 12).
At this mode, the outer-frame deflection is amplified and
transferred to the inner frame with a mechanical-coupling gain
of about 8.5 (this includes an experimental measurement error
of the outer-frame deflection) and agrees well with the ANSYS
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Fig. 11. Voltage response of Device 1 and Device 2. (a) In-phase mode.
(b) Out-of-phase mode.

Fig. 12. Above scan line corresponds to 76◦ TOSA at 21.8 kHz.

results. The maximum deflection and the resonance frequencies
of Device 2 are very close to Device 1 which is fabricated
in a different fabrication run. A 50◦ TOSA is obtained with
81 Vpp at 1.6 kHz with Device 2. The out-of-phase frequency
is 22.1 kHz in this case, and a 72◦ TOSA is obtained with
190 Vpp voltages. The experimentally obtained mechanical
coupling gain is found to be 8.1.
V. C ONCLUSION
A high-performance comb-drive resonant microscanner actuated with mechanical-coupling principle has been designed,
fabricated, and tested. The device features two cascaded frames
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where the comb actuators are placed around the edges of
the outer frame. The inner frame bears no actuators and is
actuated by mechanical amplification of the outer-frame motion. In the presented design, mechanical coupling is obtained
at the out-of-phase resonance frequency of the system. The
analytical formulas for the in-phase and out-of-phase resonance
frequencies and the mechanical gain are derived and validated
with FEA and experiments. The advantages of the mechanicalcoupling principle compared with direct-drive scanners are the
increased comb-finger area and larger torque arm, improved lateral stability due to shorter comb fingers, and reduced damping
power loss at the combs due to limited motion of the outer
frame combs. On the other hand, there is the added inertia
of the outer frame and the additional design challenges due
to other vibration modes. The scanner has one of the highest
performance levels reported in the literature, indicating that
the mechanical-coupling approach has some clear benefits.
The achieved performance level is one of the highest in the
MEMS scanner literature in terms of the product of mirror size
(1 mm), TOSA (76◦ ), and resonant frequency (21.8 kHz). At
this performance level, the required voltage is 196 Vpp . As such,
the scanner presented meets many of the challenges of dynamic
displays. The aim of the work presented in this paper was to
design a device for high-frequency scanning and high TOSA
with a low θOPT · D · f /V -value in comparison with other
devices in the literature. Getting also the dynamic deformation
into the desired regime is an ongoing project but is not within
the scope of this paper.
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