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ABSTRACT 
Microelectromechanical Systems (MEMS) technology has 
already led to advances in optical imaging, scanning, 
communications and adaptive applications.  Many of these efforts 
have been approached without the use of feedback control 
techniques that are common in macro-scale operations to ensure 
repeatable and precise performance.  This paper examines control 
techniques and related issues of precision performance as applied 
to a one-degree-of-freedom electrostatic MEMS micro mirror.   

Keywords 
MEMS, electrostatic, micro mirror, feedback control 

1. INTRODUCTION 
Micromirror arrays are one of the most successful and versatile 
MEMS innovation with applications including optical switches 
for telecommunications, scanning and imaging for projection 
displays, diffraction gratings for optical spectroscopy, and 
adaptive optics for wave front correction in telescopes [1-11].  
Some of these applications require high precision positioning 
capabilities that cannot be achieved through open-loop control 
alone.  Furthermore, many of the devices require large arrays of 
micromirrors where it is desirable to ensure accurate positioning 
capabilities for each mirror in the array despite the presence of 
outside disturbances or variations from the fabrication process 
such as small deviations in dimensional or material properties 
across the array.  While open-loop control has been used 
successfully in mirror arrays for on/off binary-actuation, many of 
today’s emerging technologies require analog positioning 
capabilities.  In order to guarantee precision and accuracy of the 
mirror position for analog operation, feedback control techniques 
are required.  Feedback control has long been used in many 
macro-scale systems to correct for such factors, yet limited work 
has been done to apply these techniques to MEMS systems.   
This paper will examine the modeling of the actuator dynamics 
and investigate feedback control methodologies that can be used 
to achieve high precision positioning.  The development of such 
control strategies will contribute to the advancement of many 
precision optical applications. 

1.1 Microelectromechanical Systems 
MEMS devices and components have feature sizes ranging from 1 
µm to 1 mm and are batch fabricated using a microfabrication 
process such as surface micromachining [12].  Surface 
micromachining creates structures by layering a structural layer, 
such as polysilicon, with a sacrificial layer, such as silicon 
dioxide (oxide).  Through a repeated series of lithography, etching 
and deposition, free-standing structures are created.  The process 
utilized to create the device discussed here is Sandia National 
Laboratories SUMMiT V that utilizes five layers of polysilicon 
[13].  The names and thickness of each layer are show in Figure 1.  
Sacrificial oxide is used in between the polysilicon layers to 
create the layered structures.    

1.2 1-DOF Micro Mirror 
Many micromirror actuators are electrostatically actuated and 
exhibit the well-documented phenomenon of electrostatic pull-in.  
Many of the first generation of micromirror devices, such as 
Texas Instruments’ Digital Micromirror Device (DMD), use pull-
in as an advantage that allows for on/off binary actuation at 
reduced voltages [9].  While the actual pull-in voltage of the 
device may vary slightly from mirror to mirror due to variations 
in dimension and material properties, reliable open-loop operation 
can still be guaranteed by ensuring that the actuation voltage is 
sufficiently high enough to capture the pull-in effects for all the 
mirrors despite these variations.   In order to move beyond binary 
positioning capabilities and achieve full, analog positioning for 
applications such as scanning and adaptive optics, feedback 
control techniques that are commonly used in macro world 
applications must be applied to MEMS devices.   
Feedback control can help to increase the stable region of 
operation, provide accurate and precise positioning that is robust 
with respect to variations in device fabrication, and also reject 
outside disturbances such as vibrations and other noise sources.   
Like many electrostatically actuated devices, the micromirror 
presented here exhibits nonlinear behaviors such as pull-in 
instability.  These nonlinearities are a common problem that is 
generally undesirable for analog mirror designs.  However the 
presence of nonlinear behavior in these designs further enriches 
the complexity of the device and offers opportunities to explore 
advanced control methods for nonlinear systems.  
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Figure 1.  Layer thickness of SUMMiT V polysilicon [13]. 

 
The device presented in this paper is a one-degree of freedom 
micro mirror actuated via a vertical comb drive and is shown 
schematically in Figure 2. The mirrors are fabricated in 
polysilicon by surface micromachining and are actuated with 
electrostatic vertical comb drives located beneath the mirror 
surface.  This allows for large arrays with high fill factors.  
Vertical comb drives are more easily controlled than parallel plate 
actuators, making them a good choice for analog scanning devices 
[1-5,10].    
The physical nature of electrostatic actuation introduces highly 
nonlinear behavior into the actuator function and results in a well-
documented instability known as pull-in.  Many researchers have 
sought ways to model and to alleviate this instability including the 
use of mechanical design alterations [14,15] and by using 
feedback control [16].  In addition to stabilizing the actuator 
across the instability point and extending the range of travel, the 
implementation of control techniques can also be used to control 
position of a single mirror.   For mirrors in a large array, it can 
ensure uniform operation of mirrors throughout the array and 
alleviate the effects of uncertainties from fabrication errors in 
surface micromachining [17] and reject outside disturbances [18].   
This paper will first examine the dynamic model of the micro 
mirror device and discuss the nonlinear behaviors that arise from 
electrostatic actuation.  Possible control strategies that can be 
applied to this problem are then presented followed by a brief 
discussion regarding the related issue of sensor development for 
the physical implementation of feedback control. 

2. ACTUATOR DYNAMICS 
One limiting factor to most electrostatic actuators is the 
electrostatic pull-in instability that occurs when the electrostatic 
force overcomes the mechanical restoring force.  When pull-in 
occurs, the device can no longer maintain an equilibrium position 
and will move to its fully actuated position, limiting the full 
scanning range available.  Another phenomenon associated with 
this instability is that once the mirror has pulled-in, the voltage 
required to maintain that position is lower than the pull-in voltage.  
The mirror will not return from this position until the actuating 
voltage has been reduced below the holding-voltage.  The result 
of this holding effect is hysterisis [11,18].   
For the electrostatic comb drive mirror presented here, there is a 
ground plane and a series of vertically offset comb fingers, all 
contained underneath a flat mirror surface.  A voltage potential is 

applied across the fixed fingers and the moving fingers of the 
device creating an electrostatic force.  This force causes the 
mirror to rotate about an axis supported by the hidden spring 
suspension, shown separately in Figure 2(a).  
The equation of motion is  
 

),( VTkbm em θθθθ =++               (1) 

 
where m is the mass of the plate, b is the damping term due to 
squeeze-film effect, k is the linear spring constant, and Te(θ,V) is 
the electrostatic torque that is a function of both position and 
voltage. 
 
 

 
Figure 2. Schematic of 1DOF micro mirror device with 

hidden vertical comb fingers (not to scale). 
 
 The determination of squeeze-film damping coefficient is 
dependent upon the geometry of the surfaces between which the 
fluid is trapped.  Because of the vertical comb fingers under the 
surface of the mirror, determining this coefficient analytically is 
difficult.  For the purpose of this discussion, consider the squeeze-
film damping term for a torsional plate developed by Pan, et al 
[19].   
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L is the length of the plate, w the width, g is the gap between the 
plates, and µ is the viscosity of the fluid.  A more thorough 
treatment of damping characteristics is needed and will be 
considered in future work. 
The electrostatic torque Te is given as  
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where V is the applied voltage, and C is the capacitance which 
can be determined from simulation to be a function of the rotation 
angle [11,18].  Because of the symmetry of the comb fingers, a 
unit cell is defined as shown in Figure 2, and N is the total 
number of unit cells.  The results of the capacitance for one unit 
cell are plotted in Figure 3 along with a fourth order polynomial 
approximation of the data.  The capacitance function is 
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where the coefficients of the polynomial are P  = [0.0442  -0.0322  
0.0071  0.0004   0.0006] in pF.  Table 1 lists the values of 
additional parameters for this system. 
When the electrostatic torque is equal to the mechanical restoring 
torque, the system is in equilibrium.  Once the electrostatic torque 
becomes greater than the mechanical restoring torque, 
electrostatic ‘pull-in’ occurs. 
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Figure 3.  Capacitance calculation as a function of rotation 

angle, θ, calculated using 3D FEA and a fourth order 
polynomial curve fit. 

 

3. CONTROL STRATEGIES 
Because of the nonlinear nature of the actuator dynamics, 
nonlinear control methods may be employed that require finding a 
Lyapunov function and performing stability analysis [20].   
Proving global asymptotic stability can be a difficult task, and 
implementation of the resulting controller can also prove 
challenging using analog circuits [21]. An alternative to nonlinear 
control is to use more easily developed linear control design [22].   

 
 

Table 1.  List of parameters used for analysis 

Parameter Value 
ρ, density of polysilicon 2331        kg/m3 
km, mechanical spring 
constant 

75.79     pN-µm/rad 

µ, viscosity of air 1.73e-5     N-s/m2 
L, length of mirror 20              µm 
w, width of mirror 100            µm 
g, gap between plates 11.25         µm 
N, number of unit cells 27 

 
In order to apply linear control technique, the actuator model must 
first be linearized.  The resulting controller design based on a 
linear plant model must be designed to be sufficiently robust with 
respect to the uncertainties introduced by the linearization.   
Figure 4 shows a block diagrams of how the feedback control can 
be implemented.  When a nonlinear plant is linearized and then 
the controller is applied to the actual system dynamics, robustness 
and stability become large issues.   In order to use linear time-
invariant (LTI) control design, the plant can be linearized using 
the Taylor Series Expansion about an operating point (θ0, V0) 
[23].  Doing so yields the following linear system model, 
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The evaluation of the partial derivative terms in (6) will produce a 
term that is dependent only on the rotation angle that can be 
considered the electrostatic spring force, ke [22]. 
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Figure 4. Block diagram representation of system. 
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Equations (6) can be written as the linearized system 
 

VCCkkbm em 21)( +=−++ θθθ        (8) 

 
where C1 and C2 are constant terms dependent upon the operating 
point and may be expressed in terms of the polynomial curve-fit 
from equation (5). 
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When linearizing a function about an operating point, it is 
desirable that the linear model will provide an adequate estimate 
of the nonlinear function within a small range about that operating 
point.  For systems that are operating over a large range or that 
have very nonlinear characteristics, this linearization may not 
provide an adequate estimate of the nonlinear function.  Figure 5 
shows an illustration of the nonlinear electrostatic torque for an 
electrostatic comb drive and its linearized estimate about a single 
operating point θ0.  This linear estimate of the nonlinear system 
does not capture the torque characteristics very well over the 
range of operation.  An alternative method is to segment the 
operating range and do a piece-wise linearization about multiple 
operating points to gain a better estimate for the nonlinear 
function, as illustrated in Figure 6.  This piece-wise linear model 
can be used to perform gain scheduling in which the controller 
gains will switch depending on the region of operation [28]. 
 

 
Figure 5. Illustration of torque as a function of rotation angle 

for nonlinear model and model linearized about a single 
operating point. 

 

Figure 6. Illustration of torque as a function of rotation for 
nonlinear model and a piece-wise model linearized about 

multiple operating points. 

4. SENSOR DEVELOPMENT 
In addition to considering controller development, it is important 
to also consider the type of sensing to be used in the feedback 
loop.  One possible technique is through the use of laser beam 
steering and optical detection using a photosensitive diode (PSD) 
[17,27].  For stationary applications in which overall system size 
is not a limitation, these techniques can be implemented on an 
optical workbench setup.  However, one of the advantages of 
MEMS technology is that it holds the promise of developing 
small, portable systems. Accomplishing this requires developing 
systems with built-in or on-chip sensing, and needs more complex 
system-level and packaging integration consideration.  Other 
sensing techniques that can also be implemented on-chip include 
capacitive and piezoresistive sensing.   
Capacitive sensing can provide high-resolution feedback but often 
requires complex circuitry to process the signal.  Alternatively, 
piezoresistive sensing methods have been proven a viable option 
for surface micromachined polysilicon.  Stalford et al. [24] 
demonstrated the use of piezoresistive sensing created entirely 
within a modified SUMMiT fabrication process [13].  Drawbacks 
to piezoresistive sensing include a relatively large area needed for 
the resistor elements and piezoresistive sensing can be time 
dependent.  Piezoresistive materials have an electrical resistance 
that varies when placed under mechanical strain.  This 
relationship can be treated as linear for small strains.  The ratio, 
δR, of the change in resistance, ∆R, to the nominal resistance, R, is 
given as 
 

εδ G
R
R

R =
∆

=      (11) 

 
where G is the gauge factor of the material and ε is the strain [25].  
Previous study shows polysilicon to have an approximate gauge 
factor of 25 [26].  An advantage of using piezoresistive sensing is 
that the signal detection can be accomplished using a Wheatstone 
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bridge circuit.  A single-active Wheatstone bridge is shown in 
Figure 7. 
 

 
Figure 7.  Single active Wheatstone bridge diagram. 

 
Assuming all resistors have the same nominal resistance value, R, 
the relationship between the applied voltage, Vin, and the output 
voltage, Vo, is given as 
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With the assumption that δR is a very small number, this further 
reduces to 
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5. CONCLUSIONS AND FUTURE WORK 
This paper explores the fundamental issues in the development of 
feedback control for applications in MEMS optical systems.  The 
electrostatic micro mirror device model contains nonlinear terms 
that create an added challenge to the implementation of control 
strategies.  As work-in-progress, the proposed method for a 
controller design is to generate a piece-wise linearized model 
about multiple operating points.  This model then can be used to 
design linear controllers for each segment of the operating range 
and implemented using gain scheduling. 
Future work includes improved development of the dynamic 
model by investigating more complex estimates of the squeeze-
film damping effect on the actuator dynamics.  Controller 
development will be carried out using the linearized system and 
applying the controller to the nonlinear plant.  Once a suitable 
controller is developed, it can then be implemented 
experimentally on a physical system using optical feedback 
techniques and piezoresistive on-chip sensing.   
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