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Abstract: MEMS mirrors have a wide range of applications, most of which require large field-of-view
(FOV). Immersing MEMS mirrors in liquid is an effective way to improve the FOV. However, the
increased viscosity, convective heat transfer and thermal conductivity in liquid greatly affect the
dynamic behaviors of electrothermally actuated micromirrors. In this paper, the complex interactions
among the multiple energy domains, including electrical, thermal, mechanical and fluidic, are
studied in an immersed electrothermally actuated MEMS mirror. A damping model of the immersed
MEMS mirror is built and dimensional analysis is applied to reduce the number of variables and
thus significantly simplify the model. The solution of the fluid damping model is solved by using
regression analysis. The dynamic response of the MEMS mirror can be calculated easily by using the
damping model. The experimental results verify the effectiveness and accuracy of these models. The
difference between the model prediction and the measurement is within 4%. The FOV scanned in a
liquid is also increased by a factor of 1.6. The model developed in this work can be applied to study
the dynamic behaviors of various immersed MEMS actuators.

Keywords: MEMS mirror; micromirror; electrothermal actuation; immersion; MEMS in liquid

1. Introduction

The advent of microelectromechanical system (MEMS) spatial light modulators, such
as scanning micromirrors [1] and digital micromirror devices (DMDs) [2], has allowed
a wide range of fast and accurate optical modulation applications, such as coded aper-
tures [3], analysis of fast-moving scenes [4], and compressive sensing [5]. These optical
MEMS devices provide an excellent platform to extend active computer vision techniques
to the low-power and miniature domains [6]. MEMS mirrors can be electrostatically, piezo-
electrically, electromagnetically or electrothermally actuated. Among them, electrostatic
MEMS mirrors typically have a small fill factor and need high driving voltage [7]. Elec-
tromagnetic MEMS mirrors usually have a large size because of the need for permanent
magnets [8]. Most piezoelectric MEMS mirrors either have small mirror size or small scan
angle [9]. On the other hand, electrothermally actuated MEMS mirrors have a high fill
factor and large scanning angle with a low driving voltage [10,11]. A field of view (FOV)
over 60° is often needed for these MEMS-enabled low-power vision platforms, but most
MEMS micromirrors have limited FOV in the order of only 10°. Thus, enlarging the FOV
of a MEMS micromirror is critical for many applications.

Zhang et al. proposed placing an electrothermally actuated bimorph MEMS mirror in
water and improved the FOV by a factor over 2 [12]. However, putting an electrothermal
MEMS mirror in a liquid has a significant impact on the MEMS mirror’s dynamic response,
which may lead to unexpected scanning behaviors. M. Li et al. studied the thermal and
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mechanical response of an electrothermally actuated bimorph MEMS mirror working in
air [13], but the viscosity, density and convective heat transfer of a liquid are all much
larger than those in air. In addition, the temperature of the thermal bimorph actuator
changes in a large range, leading to a non-isothermal flow, while the viscosity of the liquid
is influenced by the heating source of the thermal bimorph actuator. These complex electro-
thermo-mechanical-fluidic interactions make the prediction of the dynamic characteristics
of such electrothermal MEMS micromirrors working in liquid difficult. Thus, a prediction
model is needed to evaluate the working characteristics of electrothermal MEMS mirrors in
various liquids.

Thermal dynamic response can be easily represented as an equivalent circuit model,
including the heat capacitance of the bimorph actuator and the thermal resistance from the
bimorph to the substrate and the ambient [14]. In the mechanical domain, the equivalent
circuit modeling method can be applied as well, where the primary effort is to determine
the equivalent damping resistance of the MEMS device. Squeeze-film damping effects on
the dynamic responses of electrostatic MEMS mirrors and the damping of the electromag-
netically MEMS mirrors have been studied extensively [15-22], but this does not apply to
electrothermally actuated MEMS mirrors as their actuation beams are largely separated
from the surrounding microstructures. Additionally, the Reynolds numbers in electrother-
mally actuated MEMS mirrors are quite different from those in electrostatic MEMS mirrors.
Moreover, upon working in liquid, the joule heating of the thermal bimorph actuator will
generate considerable temperature change and temperature gradient, which further alter
the viscosity of the liquid.

In this paper, an analytical model of the fluidic damping of the electrothermal mi-
cromirror operating in liquid is developed. This model, applied with the electro-thermo-
mechanical model of the electrothermal micromirror, can readily predict the dynamic
behaviors of the immersed micromirror. The accuracy of the model is validated experimen-
tally. According to the model, the relation between the effective damping coefficient and
the properties of the liquid can be obtained easily. Additionally, the model is applicable to
nearly all MEMS actuators immersed in a Newtonian fluid.

This paper is organized as follows. The analytical models of the electrothermally
actuated MEMS mirror are introduced in Section 2. The damping model of the immersed
micromirror is built and a numerical solution method is proposed by using dimensional
and regression analysis in Section 3. The accuracy of the prediction model is verified in
Section 4.

2. The 2D Electrothermally Actuated MEMS Mirror

The two-axis electrothermally actuated MEMS mirror is composed of a square mirror
plate and four driving arms, as illustrated in Figure 1a. The driving arms consist of the
inverted-series-connected (ISC) thermal bimorph actuator structure [1], labelled as ACT1,
ACT2, ACT3 and ACT4 as shown in Figure 1a. The mirror plate is connected to the substrate
symmetrically by the actuators. The ISC bimorph is composed of three parts: an inverted
(IV) segment, a non-inverted (NI) segment and an overlap (OL) segment, and the shape of
the bimorph is an “S”, as shown in Figure 1b. Figure 1b also shows the materials of the
bimorph, which include aluminum (Al) and silicon dioxide (S5iO;), and the large thermal
expansion coefficient (TEC) difference between these two materials. The embedded heater
of the bimorph is the titanium (Ti). Figure lc is a scanning electron microscopy (SEM)
image of a fabricated MEMS mirror. The side length, L, of the AL-coated mirror plate is
500 pm; the length of the bimorph, L;, is 258 um; and the elevation of the mirror plate is
235 um, caused by the residual stresses produced during the device fabrication. Table 1 is
the structure parameters of the micromirror.
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Figure 1. (a) The structure of the two-axis electrothermal MEMS mirror. (b) One “S” shaped inverted-
series-connected (ISC) bimorph design. (¢) An SEM of the MEMS mirror.

Table 1. The structure parameters of the micromirror.

Structure Mirror Plate Bimorph Total Size
Size (length x width x height (um?)) 550 x 550 x 20.1 245 x 20 x 3 700 x 700 x 400

The fabrication process of the MEMS mirror combines the surface- and bulk-microma-
chining processes, which is described in detail in [1]. The mirror plate is coated with a
highly reflective Al layer and supported by a single-crystal silicon layer. The residual
stresses, which determine the initial elevation of the mirror plate, are produced in the
fabrication steps [23].

A resistive heater is embedded in each actuator. Joule heating is generated when a
voltage is applied to the resistor, causing the temperature of the actuator to increase. Then,
the thermal bimorph actuator structure will bend due to the TEC difference between the
two bimorph materials, leading to the movement of the mirror plate. The bending angle is
dependent on the bimorph materials, structure design and dimensions of the actuators [23].

According to the principle of the electrothermally actuated micromirror, when a
voltage is applied to one of the actuators, e.g., ACT1, a thermal-induced force, F;, is
generated and ACT1 moves downward as shown in Figure 2a, and the mirror plate is
deflected by an angle, 8, with an angular velocity, w, causing the two neighboring actuators,
ACT2 and ACT}4, to displace by half of that of ACT1, as shown in Figure 2b. Meanwhile, a
damping force, Fp, is resultant from the moving mirror plate and the actuators. In general,
the actuator has some lateral shift in 7 directions. However, for this structure, the lateral
shift can be negligible. In addition, the thickness of the mirror plate is significantly larger
than the actuators so that the mirror plate can be regarded as a rigid body. In this case, the
edge of the mirror plate connected with ACT3 is the rotational axis, and the distance of a
point on the mirror plate from the rotational axis is denoted as r. The velocity of the point
on the mirror plate can be expressed as v = r-w and the velocities of the points connected
with ACT1, ACT2, and ACT4 are v4c11 = L-w and vpcmp = VacTs = %Lw, respectively.

Deflection axis

Mirror plate

Substrate

(a) (b)

Figure 2. (a) The side view of the S-shaped actuation structure; (b) the schematic of the working
electrothermally actuated micromirror.
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Figure 3a shows the measured frequency response of the MEMS mirror in air with a
sine waveform voltage at 0-5 V from 1 Hz to 3000 Hz, and there are two resonant peaks in
this range. The first is 1186 Hz and the second is 2370 Hz. The Q factors are about 50 [13].
Therefore, the system is underdamped in air. The 3-dB cut-off frequency is 100 Hz. This low
cut-off frequency is due to the relatively large thermal response time of the electrothermal
bimorph actuators.
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Figure 3. Frequency response (a) and static response (b) of the optical angular scan of the electrother-
mally actuated MEMS mirror.

Figure 3b shows the quasi-static response of the MEMS mirror. The maximum static
optical scan angle by one-side actuation can reach 20° at only 6.5V, or a FOV of 40° with
actuation from both sides. It can be seen that this maximum scan angle is well below the
desired 60° FOV needed for many applications. In this work, it is proposed that the FOV
can be magnified by immersing the MEMS mirror inside a liquid whose refractive index is
greater than that of air.

Figure 4 shows the principle of Snell’s law. When the mechanical angle of the mirror
plate in the liquid is 0, the output optical angle is arcsin[n-sin26y], where n is the
refractive index of the liquid. Mineral oils are usually used as the immersed liquids due to
their transparency, moderate refractive index values and relatively low viscosity. Table 2
lists the properties of several frequently used mineral oils [12]. For the MEMS mirror
described above, when the refractive index of the liquid is 1.5, the maximum FOV in liquid
can reach 60°.

Figure 4. Principle of Snell’s law.

Table 2. Physical properties of several mineral oils.

. Viscosity (kg/(m-s) . 3 Heat Transfer
Name Refractive Index at 293K) >Density (kg/ m?) Coefficient (W/(m-K))
Dimethyl silicone oil (1000 cs) 1.5 0.94 940 0.18
Dimethyl silicone oil (5 cs) 1.39 0.0047 940 0.182
White oil 1.45 0.00343 816 0.16
Liquid paraffin 1.4 0.0188 847 0.185
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According to the working principle of the electrothermally actuated MEMS mirror,
the transfer function of the micromirror system can be simplified as [13]:

(RT + Ry,) L/I

H(s) = Hr(s) Hu(®) = e RyCrs 11 2 4 (7)s+ko/1

M

where Hr(s) and Hys(s) are the transfer functions of the thermal response and mechanical
response of the system, respectively, Cr is the heat capacitance of the bimorph actuator, R
is the equivalent thermal resistance of the structure of the micromirror, Ry, is the equivalent
thermal resistance from the bimorph to the ambient, I is the moment of inertia of the square
mirror plate, D is the damping coefficient and kg is the equivalent torsional stiffness of all
bimorph actuators.

From Equation (1), it can be seen that the thermal response is affected by Rt, Ry,
and C7. The mechanical response will change with L, D, kg and I. When the working
environment is changed, R;, and D are changed accordingly. Other variables in Equation
(1) are unchanged when a particular micromirror is selected and can be calculated according
to [15].

Ry, is simply given by the following equation [24]:

1
bﬂ_hs

@

where /1 is the thermal conductivity coefficient of the fluid because the convective heat
transfer between the bimorph and fluid is negligible compared to the conductive heat
transfer [24]. Thus, as long as the fluid is selected, the thermal response can be readily
determined. In contrast, the mechanical response is more complicated to model and
calculate as the determination of the damping coefficient D is affected by the couplings
among the thermal, mechanical and fluidic response, which is the focus of the next section.

3. Analyses of the Damping Coefficient

Immersing a MEMS mirror improves its scanning FOV, but the change of the working
environment affects the damping of the working micromirror. So the mechanical response of
the micromirror will change. Note that the scanning micromirror in air is an underdamped
system while it becomes an overdamped system in liquid. Thus, the damping due to the
liquid dominates and other damping factors are ignored in this work. The damping model
will be established next.

To model the viscous liquid damping, the flow regime in a microsystem must be
determined first. The Reynolds number, Re, of a liquid is given by:

_ PVavgL
I3

Re 3)

where y is the fluid viscosity, L is the characteristic length, v,y is the average velocity and
p is the fluid density. For the scanning micromirror, the Reynold’s number Re is given by:

~ 200fL-L
1z

Re (4)

where § is the amplitude of the deflection angle, f is the working frequency and 20fL is
the average velocity in Equation (3). Assume the MEMS mirror works at 100 Hz with
a deflection angle of £10° in the liquid paraffin (1 atm, 25° C), § = 10° or 0.17 rad and
L = 0.5 x 1073 m. Therefore, Re is about 0.36. Thus, it is a creeping flow for this scanning
micromirror [25].
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Meanwhile, the Knudsen number, Kj;, is given by:
Kn =+ ®)

which is the ratio of the mean free path A of the molecules to the channel length, I. For the
mineral oils listed in Table 2, K,, is about 1.2 x 10~°, which is far less than 103, so the fluid
flow is continuous.

According the above calculation, the assumptions are proposed as follows:

(1) The inertial terms of the damping are neglected due to the small Re [26]; and
(2) The liquid is incompressible and continuous.

The damping of the scanning mirror system can be divided into two situations: isother-
mal flow damping and non-isothermal flow damping. An isothermal flow is formed around
the mirror plate and the bimorph actuators when the bimorph actuators are not actuated.
A non-isothermal flow is generated when the actuators are applied with voltage. The
damping of a continuous creeping flow can be calculated as per [27], but the analytical
solution can be obtained only under specific boundary conditions. The electrothermally
actuated MEMS mirror has complicated boundaries. In addition, since the electrothermally
actuated MEMS mirror changes the temperature of the surrounding fluid, the temperature
dependances of the thermal conductivity and viscosity need to be reconsidered. These
complex situations make analytical solutions difficult to obtain. The numerical solution
may be obtained by the finite difference method, but it is difficult to determine the influence
of each variable on the damping. Additionally, the accuracy of the result is affected by the
approximated boundary conditions, especially when the shape of the actuator is irregular.
To overcome these shortcomings, a dimensional analysis followed by a regression analysis
is employed.

3.1. The Damping of the Isothermal Flow

The isothermal flow is considered first. The variables affecting the damping in the
isothermal creeping flow include the velocity v, the characteristic length L for mirror plate
(or Ly for bimorphs) and the fluid viscosity y [27]. The dimensional analysis according to
Buckingham’s 7--Theorem is used, which can reduce the number of variables to attain the
relationship of the variables [25]. Table 3 shows the variables and their dimensions.

Table 3. Dimensions of the variables.

Variable Fp

~=~ Q
3

Dimensions ml

There are three basic dimensions listed in Table 3, i.e., m is mass, L is length and t is
time. One dimensionless parameter, I1;, is defined as follows:

1, = Fpo®LPu¢ (6)
and its dimensions can be written as {”:—ZL %—:Lb L"S; } Let the summed index of each basic
dimension be zero, leading to a = b = ¢ = —1. Thus, Equation (6) becomes:

p
I, = —= 7
1= L ()

According to Buckingham’s 7-Theorem [25], I1; is a constant when there is only one
dimensionless parameter. Then, we can rewrite Equation (7) as:

Fp = c-oulL (8)
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where c is a constant which is only related to the geometric shapes of the moving plate [25].
Based on Equation (8), the damping force of the scanning mirror plate is given by:

AFp = —Cp- VU p-dr = —cp-pio-r-w-dr ©)

where c;, is the constant to solve the damping of the scanning mirror and v,, = r-w is
the velocity of a point on the mirror plate at distance r. Thus, the damping torque of the
scanning mirror is given by:

L
Mp, (w) = —‘/0 r-dFp| = —%cm~y0-L3-w (10)

The damping torque of the two neighboring actuators ACT2 and ACT4 can be ex-
pressed as:

L 1
Mp,,(w) = ~2Fposs = —Ecb~y0~Lb~L2-w 11)

where cj, is the constant to solve the damping of the bimorphs.

3.2. The Damping of the Non-Isothermal Flow

When calculating the damping of the working actuator (ACT1), the change of the
viscosity with the temperature must be considered, and the relation between the viscosity
and the temperature, T, can be numerically fitted as [28]:

p=">b(T—Ty)?

where b is a constant only related to the reference viscosity, y, at the ambient temperature, Ty,
and ¢ is an index as a measure of the change in viscosity with temperature. Furthermore, the
viscosities of the liquid are different at different positions because of the thermal conduction,
as shown in Figure 5. A segment of the bimorph is chosen for describing the non-isothermal
flow. The temperature gradient is generated due to the thermal conductance when there
is a temperature difference between the working bimorph and the environment. There
also exists a viscosity gradient around the bimorph. Therefore, in this work, the effective
viscosity, ., was introduced for the non-isothermal flow by regression analysis. In this
way, the complex calculation of the gradient field can be avoided. The effective viscosity is
dependent on pg, ¢, I and the temperature difference from the reference temperature, T;.

Environment

| | | | | |
293.87 295.3 296.74 298.17 299.61 301.04 302.48 303.91 305.35 306.78 308.22 309.65 311.09 312.52 313.96 315.39 316.83 318.27 319.7 321.14

Figure 5. The isotherm around the working bimorph.
The damping torque of the working actuator (ACT1) is given by:

Mp,(w) = —Fp 1-L = —cp-pte-Lyp-L*w (12)
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where p. is expressed as:
Ve = f(]/lo, Td/ h/ (P) (13)

The actual dependence of y, on the variables in Equation (13) can be found using
regression analysis. In the following analysis, the coefficient of determination, R2, was set
at 0.99 so that the regression analysis had a high accuracy. First, the nonlinear relationship
between the independent variable with each dependent variable was analyzed. A 3D model
of the MEMS mirror was established in COMSOL. The dimensions and the materials were
the same as those of the MEMS mirror described in Section 2. The fluid was liquid paraffin.
The simulation was analyzed using Fluid-Structure, Non-isothermal Flow, and Thermal
Expansion Interaction in the COMSOL, in which the fluid field, the solid mechanics field
and the heat transfer in solids and fluids were all considered. The fluid is an incompressible
creeping flow according to its Re number. To simulate the motion of the fluid more
accurately, a moving mesh was used for the fluid which can automatically update its
size. The temperature of the actuators was set at 470 K and the environment temperature
at 293.15 K. Performing the simulation yielded the values of the constants, which were
cm = 8.42 and ¢ = 1.23. The CFD simulation also generates the results of the changes of .
with respect to pg, T, h and ¢, respectively, which are shown in Figure 6.

0.51 q 0.7
0.45 0.6
L 04 % 05
£ 3
= 035 Z 04
© @
= 03 03
. %)6 L L ! 020 . . g
6 065 07 075 08 085 09 095 1 105 120 140 160 180 200 220 240 260 280
to (Ns/m?) T (K)
(a) (b)
0.65 ‘ 0.6 :
0.6
055 0.5
NE 0.5 < 04
E 0.45 §
=04 Z 03
= 035 2
03 022
0.25° ' ' ' N . . . |
0.06 008 01 012 014 016 018 02 0Ll s 14 213 212 11 -1 —09 —08 —0.7 —0.6 05
h (W /(mK)) 0

()

(d)

Figure 6. The simulation result of changing . with (a) yo, (b) Ty, (c) h and (d) ¢.

According to the above data, the fitting functions can be obtained by using the MAT-
LAB Curve Fitting Toolbox as follows:

pe = 0.4652-119 — 0.001
pe = —1.856-T;0134 4 4219
pe = —1.634-h05%2 1+ 0.9
p, = 3.349¢16419 — 2,624 x 21939

(14)

After obtaining the relationship between y, and each independent variable, we adopt
the equation with the following form to express j.:

le = C1 + Ca-ig + C TP 134 1 0y h0%952 4 Cs.016410 4 g 02199 (15)

where Cy, Cy, C3, C4, Cs: and Cq are the coefficients. Then, multiple linear regressions can
be used and the following fitting function is obtained:
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te(po, Ty, h, @) = 4.026 +0.4824-py — 1.83-T, 0134 — 1.6725.105952 1 3.383.¢1-041¢ _ 2 6645.¢>19%¢ (16)

MEMS

According to Equations (10)—(12), the total damping torque is given by:

MDtutal(VO' fe, Ly, L, w) = Mp_u + Mp 24+ Mp 1

17
= - (%Cm‘VO'L3 + 3¢po-Ly L2 + Ch'Ve‘Lb'L2> w 17)
and finally the damping coefficient is obtained as:
Mp 1 1
D(po, pe, Ly, L) = — 2% = = (3Cm'V0'L3 + Ecb'ﬂO'Lb‘L2 + Cb'ﬂe'Lb'L2> (18)

According to Equation (18), it can be clearly seen that the fluid damping coefficient
changes with the working environment. Then, substituting Equation (18) into Equation (1),
the step response of the scanning micromirror in liquid is obtained as:

e*(,'wnt

0(t) =1— TWne - Ton sin{ wyy/1—%t+a (19)

1

Twn — 20+ twy 5 Tin —27
V1-09 = —+1

where T = Cr(Rys + Rpy), wn = Vkg/I and = \/%7 are the thermal time constant,

Al

2
natural resonant frequency and damping ratio of the electrothermally micromirror system,
respectively. The quality factor is given by Q = %

4. Experimental Verification

To validate the accuracy of the model for predicting the dynamic response, an ex-
periment was designed and implemented. The numerical damping model discussed in
Section 2 was applied to calculate the damping coefficient D to be used in Equation (1),
which represents the dynamic model of the electrothermally actuated micromirror. The
MEMS mirror in this experiment is described in Section 2. As shown in Figure 7a, the
MEMS mirror was immersed in dimethyl silicone oil (1000 cs) and a position-sensitive
device (PSD, ON-TRAK OT301DL) was employed to detect the scanning angle, as shown in
Figure 7b. Dimethyl silicone oil has a relatively large viscosity and it clearly changes with
the temperature. In this case, ¢ = —1.193. Thus, the non-isothermal flow applies. For this
situation, the damping coefficient changed with the temperature of the working bimorphs.

PSD

Beam Splitter

, g ey !
Dimethyl silicone oil é % MEMS

(a) (b)

Figure 7. (a) The MEMS mirror immersed in dimethyl silicone oil; (b) the schematic of the PSD
experimental platform.

A sine waveform voltage (amplitude: 4.75 V; dc offset: 4.75 V) with a frequency
sweeping from 0.1 Hz to 3000 Hz was applied to the MEMS mirror. Then, the tilt angle of the
MEMS mirror was measured using the PSD and the frequency response was obtained [29].
Meanwhile, the same voltage signal was used as the input to the dynamic model and the
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predicted frequency response was obtained. Figure 8 shows the frequency response and
quasi-static response. No resonant peaks were observed as shown in Figure 8a because of
the large damping [13]. The cutoff frequency was 4 Hz. The FOV in the liquid could reach
as high as 64°, compared to 40° in air, as shown in Figure 8b, which increased by a factor of
1.6. According to Equation (2), the equivalent thermal resistance from the bimorph to the
ambient of the micromirror is small because of the relatively large thermal conductivity of
the liquid. Therefore, higher voltage can be applied to the bimorph actuator, as shown in
Figure 8b.

Experiment — Model Air — Dimethyl silicone oil
40
o
L
5030
L
=
2
202()
<
8
= 10
o
o
0
10 10 10* "0 2 4 6 8 10
Frequency (Hz) Voltage (V)

(a) (b)
Figure 8. (a) The frequency response and (b) the static response in the dimethyl silicone oil.

Figure 9 shows a comparison between the predicted and the actually measured results
for a step response. Due to the low cutoff frequency of the immersed micromirror, the
frequencies of the driving square-wave signal of 0-6 V were chosen as 0.05 Hz, 0.5 Hz and
1 Hz, respectively. The temperature of the environment was controlled at 295 K and the
pressure was 1 atm. The measured step responses are plotted in Figure 9. The response
time of the immersed MEMS mirror was 400 ms, which was significantly longer than the
50 ms response time measured in the air [13] because of the large viscosity. As shown in
Figure 9a,b, the predicted step response matches the measured data very well. At a higher
scanning frequency, as shown in Figure 9¢, the prediction error was slightly large but still
less than 4%. Thus, the proposed model is effective in calculating the step response of the
scanning micromirror at a wide range of frequency.

Experiment Model Voltage Experiment Model Voltage
~4 ‘ ‘ ‘
5 03 6
5] 5]
9 £ B JE
z2 3 22 g
5 2 = , 2
2 CHE 23
- <
<o ‘ 0 0 0
0 5 10 15 20 0 0.5 1 1.5 2
Time (s) Time (s)
(a) (b)
Experiment Model Voltage

93 6

3}

<2 145

> 4

2! 123

<

0 - : == ()
0 0.2 0.4 0.6 0.8 1
Time (s)
(c)

Figure 9. Experimental and calculated result of (a) 0-6 V at 0.05 Hz; (b) 0-6 V at 0.5 Hz; and (c) 0-6 V
at 1 Hz.
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Note that the fall time of the MEMS mirror in Figure 9a is much longer than its rise
time, which is caused by the heat conduction and the non-isothermal flow. According to
the damping model, the damping increases as the temperature decreases. The damping
is much larger when the system returns to the zero deflection angle position at which the
temperature of the bimorph actuators is lowest.

According to the above experimental results, the frequency response of the immersed
MEMS mirror is largely different from that working in the air. The cutoff frequency in the
liquid is far lower than that in the air and no resonance is observed. This is caused by the
large viscosity in a liquid. Thus, the MEMS mirror in the liquid cannot scan with a high
speed. As discussed previously, the FOV can be increased by a factor of 1.6. The immersed
MEMS mirror can be used for the scenes where large FOV is needed but the scanning speed
is not crucial, e.g., when the target moves slowly or is stationary.

5. Conclusions

In this work, a model for the damping of an electrothermally actuated MEMS mirror
immersed in a liquid is established. Subsequently, the thermal and mechanical response of
the MEMS mirror are obtained by incorporating the dynamic model of the MEMS mirror.
Experimental results show that the proposed model is effective in calculating the step
response of the scanning micromirror at a wide range of frequencies. The error between the
modeling and experiment results is less than 4%. The FOV of the MEMS mirror is increased
by a factor of 1.6. The cutoff frequency of the immersed MEMS mirror is much lower than
that in air. Additionally, the response time in liquid is about 10 times longer than that in air.
Considering the above advantages and disadvantages of the immersed electrothermally
actuated micromirror, they are very suitable for applications in which the large FOV is
needed but the scanning speed is not crucial. The damping model is applicable to nearly
all electrothermal MEMS mirrors immersed in a Newtonian fluid. Even if the shape of
the mirror plate or the actuators is changed, this model can still be used to describe the
changing trends with different liquids. Packaging electrothermally actuated micromirrors
in liquid is challenging and more research is needed on this aspect. Furthermore, the
study on the impact resistance of immersed electrothermally actuated micromirrors will be
explored in the near future.
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