Piston Motion Performance Analysis of a 3DOF
Electrothermal MEMS Scanner for Medical Applications
April 17, 2014

Abstract
MEMS scanners are useful for medical applications as optical coherence tomography, and laser microsurgery. Although widespread design of MEMS scanners have been
presented, their behaviour is not well known and thus their motions are not easily and
efficiently controlled. This lack induces several difficulties (limited resolution, accuracy,
cycle time, etc.) and to tackle this problem, the paper presents the modeling of an ISC
electrothermally actuated MEMS mirror and the experimental characterization for the
piston motion. Modeling and characterization are important to implement the control.
A multiphysic model is proposed and an experimental validation is performed with a
good correspondence for a voltage range from 0V to 3.5V with a maximum displacement up to 200µm and with a relative tilting difference of 0.1°. The paper also presents
a simple and efficient experimental setup to measure a displacement in dynamic and
static mode or a mirror plane tilting in static mode.
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Introduction

The increasing use of MEMS (Micro Electro-Mechanical-Systems) and MOE-MS (MicroOpto-Electro-Mechanical-Systems) is observed in many fields such as medical applications
as mentioned in [1]. There are some applications based on optical microsystems which are
under investigation as microspectrometers in [2], and in [3], confocal microscope for sample
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analysis in [4], Optical Coherence Tomography (OCT) for in-vivo cancer detection in [5],
[6], [7], and [8], and laser microsurgery in [9]. It is observed that most optical microsystems
are based on MEMS scanners. The design and fabrication of MEMS scanners are widely
investigated by considering the Degrees of Freedom (DoFs) number, kinematics, and microactuator integration. Generally, we can classify MEMS scanners into two main categories
according to the type of motion generated:
• In-plane displacement presented in [3], [2], [10], [11], [12] for 1 DoF, and [13], [4] for 2
DoF (X-Y).
• Out-of-plane displacement which can be 2 DoF (Tip-Tilt) presented in [14, 15, 16, 17],
and 3 DoF (Tip-Tilt-Piston Motion) presented in [18], [19], [5].
In-plane motion is usually used for confocal microscopes and spectrometers where the displacement is observed in the substrate plane. Out-of-plane motion is required to deflect
a laser beam in order to scan a sample surface like laser microsurgeries and OCT. There
are several characteristics (response time, hysteresis, angle variations, mirror flatness, etc.)
which are important for scanner performances. Consequently, they will define the working
performance of each optical microsystems. Two important working modes are often considered: static and dynamic. In addition, there are some parameters to be characterized
as linearity, response, resolution, and cross-axis coupling. Indeed, these parameters directly
determine the specifications of the optical systems, eg. the image frame rate, distortion
for OCT, and precision of microsurgery. It is observed that the characterization of MEMS
performances is very difficult according to [20] due to the lack of sensors and procedures. At
the microscale, the physical properties of material and the obtained behaviour from micromachining are difficult to characterize. Few works can be found about the procedure in the
literature such as [21], and [22]. In addition, the results obtained through the characterization can be used to check if the micromachining provides the expected behaviour, to obtain
a feedback on the design (thus can be employed as inputs for re-engineering), and to work
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on the control aspects in order to improve the performances.
This paper is focused on scanner performance analysis of a 3DoF electrothermal MEMS
for OCT. In section 2, the MEMS micromirror is presented through its design and fabrication processes. In section 3, a modeling of the MEMS micromirror is proposed based on
kinematic and physical considerations. Afterwards, performance analysis of piston motion
through experiments are presented in section 4. Finally, the section 5 concludes the paper.
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Presentation of the MEMS Micromirror

MEMS micromirrors are important in the development of optical microsystems. Several
kinds of actuator have been used in the literature with various kinematics, number of DoF,
and design. A 3DoF electrothermal MEMS scanner design and fabrication is detailed in the
following.

2.1

Design

The actuation mechanism used for the micromirror is the Inverted-Series-Connected (ISC)
bimorph design comparable to [18], which can solve the rotation-axis shift problems during
actuation. Also, large displacements can be achieved using the ISC bimorph design for
actuation at relatively low drive voltage.
The concept of the ISC actuator is shown in Fig.1. For a basic bimorph, when the
temperature is changed, it will bend because of the different Coefficients of Thermal Expansion(CTEs) of the two materials in the bimorph. There will be a tangential tilt generated at
the tip of the bimorph beam (Fig.1 (a)). If two basic bimorphs are inverted and connected
in series, the tangential tilt can be canceled, but there still exists lateral shift (Fig.1 (b)).
To achieve pure displacement in y-direction, two ISC bimorphs are connected to cancel the
lateral shift, as shown in (Fig.1(c)). A properly-designed ISC actuator can achieve vertical
displacement in y-axis with zero tip-tilt and zero lateral shift. In addition, the overlap part
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Figure 1: The concept of ISC actuator with undeformed shape in solid and deformed in
dashed. (a) Basic bimorph. (b) half ISC bimorph: zero tangential tip tilt but still lateral
shift. (c) ISC bimorph of the micromirror: zero tip tilt and zero lateral shift.
at the middle of each S-shaped bimorph is designed to improve the robustness of the actuator. The two layers in the bimorph are Al and SiO2 because of their large CTE difference
and the ease for fabrication. An embedded P t layer is used to provide uniform heat through
the entire bimorph beam.
The schematic of the ISC micromirror design is shown in Fig.2 where four ISC actuators
are connected to the central mirror plate. The connections between the ISC actuators and
the mirror plate are pure SiO2 to isolate the heat generated in the actuators from the mirror
plate. Also the thermal isolation can prevent the cross-talk through the mirror plate among
the actuators. The actuators can be controlled together or individually to achieve piston
(pure motion along Z) or tilt motion (rotation of the mirror plate around X and Y). It has
been proven in [18] that this design can generate large vertical displacements with small
lateral shift or tilt.
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Figure 2: Top view of the ISC micro mirror design including 8 ISC bimorphs.

2.2

Fabrication

The fabrication process of the micromirror is a combination of both thin-film and bulk
processes. The mirror plate is a 1µm-thick Al layer coated on a 50µm-thick layer of silicon
to achieve good flatness. A SOI (Silicon On Insulator) wafer is chosen for better control
of the fabrication process. The thin-film layers for bimorphs are deposited using PECVD
(Plasma-Enhanced Chemical Vapor Deposition) or sputtering. Six photomasks are needed
to form the entire structure.
The process flow is shown in Fig.3. The fabrication process starts with a SOI wafer.
First, a 1µm layer of SiO2 is deposited using PECVD as the structure layer for the noninverted bimorph (Fig.3 (a)), followed by SiO2 RIE (Reactive Ion Etching) etching (Fig.3
(b)). Then a 0.2µm thick P t is sputtered as the heater, followed by lift-off (Fig.3 (c)). After
the formation of the heater, a thin SiO2 layer is deposited and followed by SiO2 RIE etching
as the insulation layer between P t and Al. The next step is Al sputtering and lift-off to
form the mirror plate and part of the structure for bimorphs (Fig.3 (d)). Then, the second
SiO2 PECVD deposition and SiO2 RIE etching are performed to form the structural layer
for inverted bimorphs (Fig.3 (e)). After the front side process, DRIE (Deep Reactive Ion
5

Figure 3: Flowchart of the ISC bimorph MEMS mirror : (a) SiO2 deposition, (b) RIE
etching, (c) P t deposition, (d) Insulation layer deposition followed by Al sputtering, (e)
SiO2 deposition and etching, (f) DRIE etching of the handle layer, (g) buried oxyde etching
and (h) Si etching to release the ISC bimorphs.
Etching) is used to etch through the silicon handle layer of the SOI wafer to the buried
oxide layer (Fig.3 (f)). Then the buried oxide is etched, resulting in a uniform silicon layer
formed underneath the Al layer (Fig.3 (g)). The last step is isotropic Si etching to release
the bimorphs (Fig.3 (h)).
After the release step, the mirror plate will pop up because of the initial stress between
Al and SiO2 , as shown in Fig.4. The initial pop-up displacement is about 220µm.
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Figure 4: SEM pictures of the fabricated MEMS mirror: (a) top view, and (b) side view.

3

Piston motion modeling

The modeling of the electrothermal actuated mirror is based on [23] and [24]. Fig.5 shows
the sketch of the steps followed for modeling the ISC bimorphs. The model assumes that the
deflection of the ISC dISC bimorphs is equivalent to the displacement of the mirror platform

7

dplatf orm when the same voltage is applied to the four actuators (see equation (1)). The
obtained motion is named piston motion. The displacement of the half ISC dt is considered
to be the sum (equation (2)) of the deflections of one inverted bimorph dIV , a straight
multi-bimorph dOL or overlap and a non-inverted bimorph dN I as illustrated in (Fig.6) from
[18].

Figure 5: Followed steps to model ISC bimorph with db the bimorph deflection, V the applied
voltage, dISC the deflection of the ISC bimorph, LN I and dN I the length and deflection of
non-inverted part, LOL and dOL the length and deflection of the overlap part, and LIV and
dIV the length and deflection of the inverted part.

dplatf orm = dISC (V1 = V2 = V3 = V4 )

(1)

dt = dN I + dIV + dOL

(2)

First, a single bimorph is modeled and the average temperature variation according to
the voltage input is derived in equation (3). Note that in the following, some equations
of the electrothermal model have been already reported in bibliography are given again to
clarify the modeling. The increase of temperature on the bimorph is derived from [24] and
it is available for other bimorphs.

∆T̄ =

V2
R¯T
R0 (1 + ξ∆ T̄ )
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(3)

Where R0 is the initial electrical resistance at ambient temperature, V the applied voltage, ξ is the thermal coefficient of resistance and R̄T is the equivalent average effective
thermal resistance. Due to the complexity of the calculation of R̄T because of the ICS actuator geometry and the difficulties to quantify the thermal loses by mean of convection and
conduction along the bimorph and the substrate and mirror isolation regions, this parameter has been identified using an experimental data. Solving equation (3) gives the average
temperature change ∆T̄ due to a voltage input V and derived in equation (4).
s

4ξRT 2
1
V + 1 − 1)
∆T̄ = (
2ξ
R0

(4)

Figure 6: Description of half ISC bimorph with the three parts and three layers (SiO2 , Al,
and P t).
The vertical tip deflection db can be obtained by analyzing the Fig.6. Equation (5) gives
the bimorph deflection as a function of the radius of curvature ρ and angle θ.
θ
db = 2ρsin2 ( )
2
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(5)

with

1
βb
= ∆α∆ T
ρ
tb

and θ =

(6)

βb lb
lb
=
∆α∆ T
ρ
tb

(7)

The inverse of the bimorph radius of curvature, given in equation (6) is derived in [25]
where βb is the curvature coefficient, tb is the thickness of the bimorph, ∆α is the difference
of the CTE of the two bimorph materials, and ∆ T is the temperature variation. The
curvature coefficient depends on the layer thickness ratio of the bimorph layers on the physical
properties of the materials, whose range is from 0 to 1.5. Ideally the bimorph is designed to
maximize it. Thus, its value is expected to be close to 1.5 according to [26].
Merging equations (2), (5), (6), and (7) the displacement of half of an half ICS bimorph
is obtained as:

dt = ρN I (1 − cos(
|

{z

dN I

lN I
lIV
)) + ρIV (1 − cos(
)) + LOL sin(θN I )
|
{z
}
ρN I
ρIV
}

|

{z

dIV

}

(8)

dOL

In order to obtain the total displacement of the whole bimorph it is needed to multiply
equation (8) by 2. Finally considering the effect of embedded P t layer, the overlap portion
and the difference in the behaviours of the inverted bimorph and non-inverted bimorph
explained in [24] the deflection of the entire ISC bimorph is given by equation (9) where
K=0.921. Table 1 gives parameter values of the electrothermal actuators.

dISC = 2Kdt
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(9)

Performance Analysis

The aim of this section is to characterize the performance of the mirror when the piston
motion is performed and thus enables an experimental validation of the model. The working
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voltage range goes from 0 to 3.5V, with a maximum power consumption of 35mW/actuator.

4.1

Experimental Setup

The experimental setup used for the performance characterization of the MEMS mirror,
includes a Keyence LC-2420 laser and a XY nanopositioning platform apart from manual
positionners and an optical table. The Keyence Laser has a working range from -250µm to
250µm with 10nm resolution while the XY platform has a total displacement of 200µm for
each axis. This experimental setup shown in (Fig.7) can provide single point characterization
as well as planar scanning. The control of the experimental setup is performed through RT
1104 Dspace board in order to ensure a real time motion control and data acquisition.
This developed experimental setup is able to perform two measurement procedures:
• Procedure 1: measurement of the relative z position on the center of the mirror plate
in static or dynamic mode.
• Procedure 2: scanning measurement of the mirror surface during a static mode. This
test consists of the scanning of a 100µm squared area of the mirror surface. While the
XY platform performs 5 squares at a speed of 20µm/s the Keyence laser provides a
distance to the mirror for each position, obtaining at the end a cloud of points. The
data obtained is processed using the PCA (Principal Component Analysis) presented
in [21] which uses the maximum dispersion criterion to obtain the best fitting plane.
Thus the two inclination angles of the plane are derived.

4.2

Identification of R¯T

Equivalent average thermal resistance is difficult to calculate due to the uncertainties on the
obtained dimensions of each layer (P t, Al, SiO2 ) and the physical parameters. We propose
to identify R¯T based on measurement displacement for 3.5V applied voltage and with the
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Figure 7: Experimental setup for performance characterization: (a) frame orientation, (b)
mirror detail, and (c) setup description.
parameter values given in Table 1. The calculation gives 5.7x103 K/W which will be used
for the model validation.
Parameter
Non-inverted bimorph lenght
Inverted bimorph lenght
Overlap length
Bimorph total thickness
Curvature coefficient
Al CTE
SiO2 CTE
Initial electrical resistance
Platinumthermal resistance coefficient
CTE materials variation
Equivalent thermal coefficient of resistance

Symbol
LN I
LIN
LOL
tb
βb
αAl
αSiO2
R0
ξ
∆α
RT

Value
250 µm
125 µm
120 µm
2.4 µm
1.5
23x106 K −1
0.7x106 K −1
360 ± 15 Ω
3.92x10−3 K −1
2.22x10−5 K −1
to be identified

Table 1: Parameter values of the electrothermal actuators.
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4.3

Model validation

The objective of this section is to validate the modeling presented before with the results
obtained experimentally in static mode of procedure 1. The experimentation is performed
in the setup described before and provides the displacement amplitude of the mirror for its
working voltage range.
The initial position is considered at 0V where the mirror is situated around 220µm over the
substrate. As steps of 0.1V are applied, the mirror approaches to the substrate. Fig.8 shows
the comparison between the displacement of the mirror given by the analytical model and
the one provided by the experimentation.

Figure 8: Absolute displacement comparison between model and experimentation and absolute error.
Results show two curves with similar shape but with a slight amplitude difference between
them. The experimental maximum displacement is obtained for 3.5V and has a value of
173.7µm. The maximum absolute error between the two curves is about 9.2µm at 1.9V which
corresponds to 12.4% of relative error. The difference between both can be due to several
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reasons, among them, fabrication tolerances, model initial assumptions as the negligibility
of convection, actuator asymmetries that can introduce some torques in the joints between
the actuators and the mirror plate, and some residual tangential tip tilts.

4.4

Piston Motion Characterization

Piston motion characterization aims to measure the behaviour of the MEMS mirror when
the same DC voltage is applied to all of its actuators. For this, different experiments have
been carried out, among them, dynamic step response, hysteresis measurement and static
mirror plane scanning. They will be presented in the following.

4.4.1

Dynamic step response

Step response is measured through the developed experimental setup in real time. The
presented results is based on one point of mirror plate measurement (procedure 1). The
transient part can be observed with some oscillations for the upward (Fig.9 (b)) and downward motion (Fig.9 (c)) compared to the reference frame. A creep is observed in the static
part and continued up to 30s, afterwards, the position is stable. The response time t95%
which corresponds to the time when the measured displacement reaches 95% of its final
value is measured to be 563ms.
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4.4.2

Hysteresis measurement

Hysteresis tests (procedure 1) have been done at 1V ± 0.5V for four frequencies. Fig.10
shows that the MEMS mirror response is affected by hysteresis. The hysteresis is around
1.6µm at 0.1Hz, 4µm at 1Hz, 5.9µm at 20Hz, and 9.5µm at 100Hz. As the frequency of the
input increases, hysteresis becomes higher and the displacement range becomes smaller.

4.4.3

Mirror plane scanning

With procedure 2, the experimentation provides the relative position of the mirror surface
for each applied voltage. The result is presented in Fig. 11 with 3D representation of the
mirror plate. Taking as a reference the position of the mirror when a 2V offset is applied (in
order to be in the middle of the entire actuation range), the two residual tilting angles are
characterized.
Fig.12 shows the angle variations θX and θY for different applied voltages. The tests
has been repeated in order to prove if the variation on the tilting is changing during piston
motion. The results show that the mirror plane orientation is slightly changing during the
piston motion. The mean variation of θX and θY is respectively about 0.09° and 0.01°. In the
same way the standard deviation for both angles is around 0.12° or θX and 0.09° for θY . This
variations can be explained because of the slight differences among the electrical resistances,
the thermal coefficients of the resistance, and the dimensions of the four actuators due to
fabrication variations.
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Figure 9: Step responses of the ISC actuated MEMS mirror: (a) repeating responses, (b)
zoom in the upward transient part, and (c) zoom in the downward transient part compared
to the reference frame.
16

Figure 10: Hysteresis results with four frequencies of sinusoidal input voltage.

Figure 11: Mirror plane positions for different applied voltages.
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Figure 12: Angle variation for different applied voltage: (a) variation around X axis, and
(b) variation around Y axis.
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5

Conclusion

The paper presents modeling and experimental characterization of the piston motion for a
3 DoF electrothermal MEMS mirror. It has been demonstrated a simple and effective setup
experimentation able to measure motions of some hundreds of µm in size of mobile platform
in both static and dynamic modes. Experimentation shows that the modeling developed
fits within 9.2µm of absolute error. The piston motion is achieved within a range close to
175µm for 0 to 3.5V applied voltages with some tilting variations of the mirror plate less than
0.09°. The step response has been characterized with a response time t95% of 563ms. It was
observed the presence of oscillations on the transient part and creep on the static part. The
hysteresis variation and the maximum displacement were observed according to frequency
changes for the same applied voltage. The results are useful for understanding the MEMS
mirror behaviour, for validating the design and the fabrication processes. The obtained
results will enable open loop control to increase the performances and provide inputs for
the future designs.Furthermore investigations in tip-tilt motion and in control domain are
ongoing.
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