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Abstract

As micro-device application in consumer and commercial products develops, efficient tools are required to simulate device
dynamics and assess structural performance. An integrated methodology is developed for studying the dynamics of thin film
bifurcating structures. Results are presented for a generic thin film structure, which exhibit classical electro-mechanical hysteresis.
Such structures can be used to produce light modulating micro-electro-mechanical system (MEMS) devices.
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1. Introduction

As the application of capacitively driven micro-elec-

tro-mechanical systems (MEMS) in consumer and

commercial products develops, efficient tools are

required to simulate and characterize the behaviour of

such structures [6,7]. Such tools need to provide

detailed knowledge of micro- and macro-structural

behaviours, a proper understanding of the limitations

of the lifetime of such structures and allow the assess-

ment of design and manufacturing variations on struc-

tural performance, particularly in high cycle

applications.
Fig. 1 shows a generic thin strip micro-structure

exaggerated in the vertical direction, in both the unac-

tivated (Fig. 1a) and activated (Fig. 1b) states. The fig-

ure illustrates the basic structural element, length K,

which can be utilized as a building block in MEMS

light modulation applications. The active capacitive

electrode is the upper flexible section of the structure
and the earth electrode is the lower surface. All inter-

mediate layers are dielectric materials that enhance

structural operation while providing electrical isolation.

Spacing structures patterned on the lower surface pre-

vent failure due to adhesion during activation.
On application of sufficient voltage, the structure is

observed to bifurcate between the two states shown in

Fig. 1. When the applied voltage is removed, the struc-

tural forces return the device to the unactivated state.

It is this binary nature that suits such micro-devices to

switching applications. Bifurcation is not the sole

domain of thin strip structures. It is also observed in

thin cantilever structures, and torsional flaps, used in a

variety of sensor and actuator MEMS applications.

Examples of MEMS structures under electrostatic actu-

ation include: DMD micromirror device [27], grating

light valve (GLV) [3,,13,25], and grating-electro-mech-

anical system (GEMS) [22–24]. The structure illustrated

in Fig. 1 closely resembles the basic ribbon structure of

GEMS devices.
Insufficient understanding during design and model-

ling, results in devices which require large changes in

voltage (DV) to operate, increasing product costs.

Reducing stiffness typically reduces the operating DV,
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but alters performance and can cause undesirable con-
tact between neighbouring structural components. Ide-
ally, non-critical dimensions are minimized reducing
stiffness, but care is required to maintain desired struc-
tural behaviours.

Accurate characterization of bifurcation and a
knowledge of how a device conforms to underlying fea-
tures is important, particularly in applications where
the structure forms part of a reflective array. Thus, suf-
ficient structural information is required to allow an
assessment of the precise shape of the reflector formed
when the device is active. This shape information is
important for understanding aberrations of mirror
devices and efficiencies of grating devices. Simulations
also allow designers to diagnose problems in manufac-
turing processes, by establishing acceptable process tol-
erances on critical parameters and information to
assess the effects of variations in structural parameters
on device performance, Enabling the production of
cost efficient consumer micro-devices.

The dynamics of these MEMS devices are complex
involving non-linear position dependent loading,
unstable bifurcation, high speed operation, structural
contact, anisotropic and variable material properties,
large displacements and residual material stresses. Cur-
rent analysis packages, even those dedicated to model-
ling micro-devices, do not handle all these phenomena
in an integrated fashion. Thus, a general methodology
is required that allows the efficient simulation of these
phenomena, to enable the optimization of structural
performance, while allowing the product designer a
through understanding of structural behaviours.

There are three common approaches to modelling
thin non-linear structures: reduced order models, string
models and finite element models. Reduced order mod-
elling is a popular approach often utilizing a single
parameter model of the structural system and a second
parameter for the electrostatic system [10,34,37]. Such
models, while excellent for global system simulation
where the structures’ interaction in a larger system is of
interest, negate the distributed nature of the structural
system severely limiting the structural detail available
in simulation results.

Thin structures can be modelled as string structures
when membrane tensile forces dominate the structures’
stiffness and the structures’ mass is low due to small
thickness; hence, the structural response is dominated
by the membrane force. The cause of such membrane
tensile forces is residual material stresses. In MEMS
devices, these stresses are due to the dissimilar materi-
als and the fabrication processes used [26,39]. String
models include only axial tensile terms ignoring the
effects of bending structural contributions. While easy
to model using analytical techniques, string idealiza-
tions do not allow the modelling of points of zero
rotation, making fixed end conditions difficult to cap-
ture. String models accurately capture behaviours
along the most significant structural dimension but
neglect deformation across the structure.

Boundary element models are not commonly used in
structural mechanics as the displacement solution is
required throughout the structure of interest and not
just at the boundaries. However, boundary element
techniques are commonly used in the computation of
electrostatic forces on arbitrary conductors [29].

Furlani et al. [13] present a method and subsequent
results of utilizing an iterative greens function to solve
for the static displacement of an electrostatically actu-
ated thin film microbeam, ignoring the dynamics of the
system.

A number of specialized software solutions currently
exist for solving coupled, electrostatic structural pro-
blems. The most common approach couples the publicly
available capacitance solver FastCap [29] with a repu-
table structural solver, using customs software to act as
an intermediatory between the external packages. In
most published cases, Abaqus is the structural software
of choice [14,15,33].
Fig. 1. Capacitive micro-device. (a) Unactivated state; (b) activated state.
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The approach to integrated modelling of electro-
statically actuated thin film bifurcating structures can
been broken into two sections. First, the physical
phenomena required to accurately capture the dynamic
behaviours of the structure, expressed for a dynamic
finite element model, are outlined. A finite element
approach to the dynamic modelling of micro-devices
allows simple inclusion of variations in geometry and
material properties, as well as a discretization suited to
electrostatic analysis. Second, non-linear material and
forcing behaviours are implemented within a general,
integrated framework.
2. Dynamics and solution

The behaviours of thin strip micro-devices are com-
plex involving, momentum and inertia effects, electro-
static loading, residual material stresses, structural
contact, and large displacements. All of these phenom-
ena must be considered within an integrated modelling
framework.
2.1. Dynamics

The dynamics of general structural systems under
time varying loading is governed by the second order
ordinary differential equation

M€vvþ C _vvþ Kv ¼ p ð1Þ

where M, C and K represent the mass, damping and
stiffness matrices of the system, respectively, v is a vec-
tor representing the deflection of the system, the dot
notation denotes derivatives with respect to time, and p
is the time varying applied load. Hence, micro-device
dynamics are no different to those of larger structures.
Dimensions are many orders of magnitude smaller, and
the dominance of different effects may vary but the
same physical laws apply.

Recognizing the inherent symmetry of the planar
model structure allows reduction in the number of
degrees of freedom in the numerical model, reducing
required solution time at the expense of neglecting con-
tributions from asymmetrical and torsional modes of
operation. The dominant loading of the structure is the
symmetrical electrostatic load with little influence from
fringing field electrostatic interactions with neighbour-
ing structural features.

The system stiffness matrix (K) utilizes hybrid stress
quadrilateral finite elements [18,19], for both bending
(vz, hx, hy) and membrane (vx, vy, hz) contributions.
Resulting in a stiffness model with six degrees of free-
dom per node (vx, vy, vz, hx, hy, hz). Hybrid stress finite
elements provide efficient stiffness representations
allowing accurate modelling using coarse meshes. The
hybrid stress class of finite elements interpolate the
stresses (r) within the elements using a set of undeter-
mined parameters (b) as illustrated in Eq. (2):

r ¼ Pb ð2Þ
The Adini–Clough–Melosh (ACM) [1,28] or the

Bogner–Fox–Schmidt (BFS) [4] finite elements are used
for determining a consistent system mass represen-
tation for the bending degrees of freedom and
membrane geometric contributions to bending stiffness.
The ACM and BFS elements are displacement based
rectangles. The hybrid stress element formulation is
based on stress distributions; the displacement basis
allows simple calculation of geometric effects, which
is more complex for the stress based hybrids. An iso-
parametric quadrilateral was used for the inplane
membrane mass contributions (vx, vy).

The mixing of element formulations has been shown
not to negatively impact accuracy of solutions obtained
[16,35]. However, static condensation is utilized to
remove the screw rotation (hz) when computing the
undamped frequencies (x) and mode shapes (v̂v), as the
resulting mass matrix does not contain contributions in
this degree of freedom.

The Newmark [31] family of integration schemes,
shown in Eq. (3), are implicit integration schemes that
use a total or incremental form of the equation of equi-
librium and assume a variation of acceleration during
the time step,

½M þ cDtC þ bðDtÞ2K �D€vv

¼ Dp� Cf€vvnDtg � K €vvn
ðDtÞ2

2
þ _vvnDt

( )
ð3Þ

where M, C, K, v, _vv, €vv and p are as defined in Eq. (1).
Dt is the length of the numerical time step, the sub-
script n indicates the value at the start of the time step.
c and b are parameters defining the acceleration
assumption during the time step. The two most com-
mon schemes are the linear (c ¼ 1=2;b ¼ 1=6) and con-
stant average acceleration (c ¼ 1=2;b ¼ 1=4), the latter
was used due to its unconditionally stable behaviour.
The Newmark constant average acceleration (NCAA)
is unconditionally stable but not unconditionally accu-
rate. As Dt is reduced, the error in the resulting acceler-
ation decreases.

The incremental form of the NCAA is defined [8,20]:

4

Dt2
M þ 2

Dt
C þ K

� �
Dv

¼ pnþ1 þM
4

Dt
_vvn þ €vvn

� �
þ C _vvn � Kvn ð4Þ

D _vv ¼ 2Dv
Dt

� 2 _vvn ð5Þ

D€vv ¼ 4Dv

ðDtÞ2
� 4 _vvn

Dt
� 2€vvn ð6Þ
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These equations compute the changes in displace-
ment (Dv), velocity (D _vv) and acceleration (D€vv) from the
structural state at the start of the time step (vn, _vvn, €vvn)
from the forces at the end of the time step (pnþ1).
2.2. Large deflection

The deformation of such micro-device structures can
be characterized as small, with deflections typically on
the order of nanometer and structural dimensions in
the micrometer range. However, as the structure
deforms, the initial planar system model must be upda-
ted to include the effects of the deformation. They are
Commonly termed large deflection effects, as the struc-
tural configuration is significantly different from the
original configurations.

For thin film structures, two criteria need to be con-
sidered, the strain in the structure and the local
rotation experienced. The technique for updating the
system configuration to reflect these changes utilizes
transformations to map the local system properties to
the global orientation. This transformation involves
rotating the frame of reference and the source of the
material non-linearity in the structure. A treatment of
such effects is covered in Ref. [36].

For the structure of interest modelling indicated, the
inclusion of large deflection effects only gave rise to a
1% change in the observed deflection characteristics.
Thus, due to the increased computational overhead of
the additional assembly steps required, large deflection
effects were implemented within the model framework;
however, they were not enabled during the gathering of
the results presented.
2.3. Residual material stresses

Often considered a second order effect in the struc-
tures where initial material stresses are small and sub-
sequently neglected, the contribution of inplane initial
material stresses [39] on micro-device performance
must be considered, as it acts to laterally stiffen the
structure [32,38]. As the characteristic dimensions of
such structures are small, the resulting inherent stiffness
is also small, In the presence of residual stress, which
can be many orders of magnitude greater than the
inherent stiffness. For example, Si3N4 where the
residual stress can be in excess of 1 GPa [26], these
second order effects become significant and can domi-
nate the resulting structural response. Inclusion of the
initial material stresses requires two additions to the
model: the initial membrane tensile forces, to correctly
model the forces in the structure, and the additional
bending stiffness.

Initial stress effects are not included in the standard
hybrid element formulation; however, it is straight for-
ward to include such effects by redefining the hybrid
stress functional to account for the non-zero initial
state, as shown in Eq. (7),

r ¼ Pb þ PFbF ð7Þ

where r is the stress within the element, P is the stress
interpolation and b is the coefficients that define the
stress state within the element. The quantities with sub-
script F extend the standard definition for r to include
the initial stress conditions. Completing the derivation
results in an additional term (E) in the hybrid stress
functional, Eq. (8).X
n

ð � GTH�1Gvþ GTH�1E þ �QQTÞ ¼ 0 ð8Þ

where G and H are standard hybrid stress functional
terms [18,19], v are the nodal deflections and �QQT is the
consistent nodal load vector. E is calculated using
existing information from the standard hybrid stress
formulation (G and H), and represents the equivalent
nodal forces resulting from the residual stress, in the
material, and is added to the applied nodal loads
before time history integration is performed.

The additional stiffness introduced by residual stress
is identical to increasing the tension on a wire line. As
the tensile force increases, additional lateral force is
required to achieve a specified lateral deflection. It is
not possible to compute the additional stiffness con-
tributions using a hybrid stress element formulation.
Either the ACM [1,28] or BFS [4] displacement finite
element formulations can be used giving very similar
results. The contributions to system stiffness from the
residual stress can be calculated for each element and
assembled using existing techniques. A constant thick-
ness ACM element has been used with additional stiff-
ness contribution calculated using Eq. (9), where w, the
standard ACM interpolation polynomial, and A, the
ACM interpolation matrix, are defined in Ref. [38] and
t is the element thickness. The additional stiffness Kg is
included in the equilibrium equation, Eq. (1), for use in
the dynamic simulation of micro-devices, Eq. (10).

Kg ¼ t

ð ð
A�1T dw

dx

dw

dy

� �
rxx sxy
syx ryy

	 
 dw

dx
dw

dy

8>><
>>:

9>>=
>>;A

�1 dydx

ð9Þ
M€vvþ C _vvþ ðK þ KgÞv ¼ p ð10Þ

2.4. Electrostatic loading

Electrostatic loading is non-linearly position depend-
ant, as it is generated by the electric field between the
two charged surfaces. The applied potential difference
across a conductor pair causes the conductors to
experience attraction. Modelling forces on capacitive
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elements requires the computation of the electric field
surrounding the capacitive elements, including the
effects of any dielectric materials that may be present,
and subsequently determining the forces on the con-
ductors due to the presence of the electric field.

Computation of electrostatic forces is typically per-
formed using boundary element formulation in a pack-
age such as FastCap [29]. However, this tool requires
that the model state be expressed in a separate file
format. Adopting a finite element approach to the
solution in the electrostatic domain is also difficult as
it requires remeshing or mesh adaption for each update
to the structural configuration, which is computation-
ally expensive. Furlani et al. [13] has shown that for
simple planar structures utilizing a parallel plate
capacitor model is sufficient, particularly when the
movable conductor is the active electrode and the sub-
strate acts as earth.

The existing finite element discretization is utilized as
the basis for computing the forces on the movable
structural elements. The element discretization
describes a series of small parallel plate capacitors
which, as the mesh is refined, provide an increasingly
accurate approximation of the electrostatic forces on
the movable electrode.

The formulation for the specific parallel place
capacitor model ignores the contributions from the
small spacing structures between the conductors as 2D
finite element modelling has shown that they only act
as local concentrators of electric field and have little
effect on the total force experienced by the conductors.

The governing force relationship for the parallel
plate capacitor shown in Fig. 2 can be obtained by
using the Maxwell stress tensor [11] or virtual work
approach,

pz ¼
�eDe0V

2wl

2½e0tD þ eDðtA � vzÞ�2
ð11Þ

where e0 and eD are the dielectric permitivities of free
space and the structural ribbon material, respectively,
as illustrated in Fig. 2. Eq. (11) states that the force
generated between conductors is proportional to the
inverse of the square of the movable electrode deflec-
tion. Thus, as the structure deforms the force increases,
requiring an iterative approach to determining the
structural equilibrium state at the end of each time
step.

An iterative approach to the structural solution is
also required as the NCAA method requires the forces
on the structure at the end of the time step (pnþ1) in
order to determine the structural state at the end from
the state at the beginning of the time step (vn, _vvn, €vvn).
Iteration is required to determine the correct set of
structural displacements and electro-static forces dur-
ing each numerical time step, this iteration is called
self-consistent-electro-mechanics (SCEM) [33]. The
relaxation algorithm is typically used to determine
when electrostatic equilibrium has been achieved but
more efficient methods also exist [5].

For simple micro-device structures, the relaxation
algorithm has been shown to be sufficient, as the
additional solution complexity, of the other methods, is
not warranted. Integrating such a procedure with the
NCAA is not currently well documented. However, if
more complex device geometry is utilized and alterna-
tive dynamic procedures considered, equilibrium can be
achieved more efficiently [5].
2.5. Bifurcation

Bifurcating thin strip structures exhibit two inher-
ently stable states shown schematically in Fig. 3, and
switch in a binary fashion between these two states on
the application of sufficient voltage. These two states
are the key feature of bifurcating structures that suits
them to switching applications. Fig. 3a is the natural
state of the structure with no load applied (V¼ 0). To
change state, a voltage greater than the pull down volt-
age (VPD) is required. The force on the structure
increases as an inverse quadratic function of gap
between the structure and ground electrode, Eq. (11).
Thus, a point exists where the applied force exceeds the
restoring ability of the structure.

This effect can be shown mathematically by examin-
ing Eq. (1) and recognizing that the applied load (p) is
proportional to the inverse of the square of displace-
ment,

p / 1

v2
ð12Þ

Thus, Eq. (1) reduces to,

M€vvþ C _vvþ K � v
v3

� �
v ¼ 0 ð13Þ

where v is a proportionality constant. Thus, for a given
velocity and acceleration, a voltage and displacement
exist such that the system exhibits zero stiffness.
Assuming that small deflection theory applies and K
does not change, Eq. (13) resembles a constrained
Fig. 2. Parallel plate capacitor definition.
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buckling problem. At this point, additional voltage
only acts to accelerate the structure and for little
change in applied voltage large changes in displace-
ment are realized as the structure bifurcates to the new
stable position. The voltage at this bifurcation point is
commonly termed the pull down voltage (VPD). Deflec-
tion is limited by spacing structures on the low surface,
as shown in Fig. 1 and again as shaded regions in
Fig. 3.

When contact with the underlying structural ele-
ments occurs, the displacement of the contacted por-
tions of the movable structure stops as additional
constraint is enforced, changing the behaviour of the
system. Additional applied forces are distributed in the
new system causing deflection where the structure is
least stiff, in the non-contacted regions. This phase of
operation is termed zipping and occurs in an extremely
short period of time. Zipping ends when the structures’
ability to resist additional force balances that of the
additional applied load. Thus, the second stable state is
reached, as shown in Fig. 3b.

Increasing the voltage above this value typically
yields little change in displaced shape, with extreme
voltages required to pull the remaining free portions of
the structure into contact with the standoffs or underly-
ing substrate. Decreasing the applied voltage reduces
the number of points of contact and release ensues,
starting with the outer most contact points moving
back toward the point of first contact. Eventually, the
stiffness of the system becomes positive once more, at
the release voltage (VRL) and the structure resorts to
the initial stable state. Structural conditions stipulate
that VRL < VPD thus electro-mechanical hysteresis is
observed as a result of bifurcation.
2.6. Contact

The principal concerns when modelling contact
between structural elements are:

1. No energy be added to or removed from the
dynamic structural model, to preserve bouncing
phenomena,
2. The structure be allowed to break contact freely,
and not be artificially constrained, allowing an
accurate determination of the release, and voltage
(VRL),

3. Accurately capturing the time of contact, this is
important as it allows accurate calculation of the
pull down voltage (VPD).

Common approaches to the modelling of contact use
penalty functions, which apply psuedo-loads to struc-
tural nodes to enforce penetration constraints [17].
Other methods introduce the stiffness and mass of the
contacted structure into the dynamic model.

Determining when a model node should experience
additional constraint is critical to accurate determi-
nation of VPD and VRL. Thus, it is important that at
each numerical integration step, all additional con-
straints arising due to contact be removed from the
model and the model be allowed to freely deform. If
during this initial step model nodes make contact,
additional constraint is applied and the step repeated
to determine the effects of the additional constraint.

Adding additional constraint to the model can be
achieved using three approaches:

1. Clear rows and columns of system matrices (K, M
and C) and apply a psuedo-load equal to the desired
displacement, at the degree of freedom (DOF) in
contact. This method disconnects contacted portions
from the surrounding structure, resulting in a loss of
connectivity and stiffness, unacceptably altering sys-
tem dynamics, and removing draping behaviour
from simulation results.

2. Add structural mass and stiffness to contacted DOF
representing the underlying structure. Such an
approach does not give an exact surface with which
contact occurs as the velocity and acceleration of the
incoming structure varies. Difficult to distribute
mass and stiffness associated with the additional
structure accurately. It is not sufficient to include
only intermediate structural elements, as these may
be smaller than the structure of interest, thus reflect-
ing energy from the immovable boundary.
element mesh of stable structural states. (a) Unactivated state (V¼ 0); (b) activated sta
Fig. 3. Finite te (V > VPD).
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3. Recognizing that it is possible to augment Eq. (4) as
the changes in displacement for the contacted nodes
are known a priori, retaining system connectivity
and preserving draping behaviours.

Accurately modelling contact between movable and
stationary structural components, requires consider-
ation of the energy transferred between the parti-
cipants. In the case of micro-devices which are often
assembled to form part of a product that is many
orders of magnitude larger, with much larger mass and
stiffness, than that of the movable structural element,
consideration must include the extent of the model. In
this research, the micro-device is the structure of inter-
est not the system as a whole.

During such a collision, energy is transferred from
the structural components in motion to the stationary
components. How much energy is transferred is impor-
tant as this determines if the movable components
bounce or adhere after collision.

Using a discrete approach to integration in the time
domain often causes large acceleration impulses as a
structure comes to rest. These impulses can then propa-
gate further into the model, causing the structure to
bounce. Limiting the effects of the acceleration impulse
by scaling the magnitude is a possible approach to
mitigating the negative effects of a collision between a
movable and perfectly fixed rigid structure. Determin-
ing the exact scaling required, requires experimental
data for a specific structure. In the absence of such
data, truncating the impulse is the only alternative.

The dynamic time step size (Dt) must be controlled
to determine when contact between the structure of
interest and the surrounding structure first occurs. This
control is achieved by allowing a small penetration buf-
fer in the surrounding structural elements, which is
insignificant compared to the actual characteristic
dimensions.

Dt is reduced as new structural nodes penetrate the
surrounding structure until the penetration is accept-
able and the node is deemed to be in contact. For
dynamic modelling using the NCAA, it is difficult to
know when to grow Dt, to maintain computational
efficiency. This issue is overcome by attempting to con-
stantly grow the Dt back to an efficient base value.
2.7. Fluid damping

In structural mechanics, the specific mechanism caus-
ing structural damping is often unknown. However, for
structures with small characteristic lengths, the mech-
anism is easily identified as pressure loading due to
movement through air [21,30]. For complex structures
involving interactions from adjacent elements, deter-
mining damping effects is inherently complex requiring
a solution to the Navier Stokes equation. Some thin
film structures pump fluid between the movable and
stationary elements, causing non-uniform pressure
gradients in arrayed configurations. For all its added
complexity, fluid damping is commonly simplified by
modelling the fluidic effects as a lumped parameter sys-
tem [12,40]. Unless fluid damping can be shown to
have significant impact on the dynamics of the struc-
ture of interest, commonly accepted equivalent viscous
damping methods can be used. Rayleigh damping is
widely used in the field of structural analysis. Rayleigh
damping is a member of the Caughey [9] family of
damping models.

Comparisons between Eastman Kodak experimental
data [23] and the fundamental undamped natural fre-
quency of the numerical model indicated that in the
regions of interest damping did not significantly impact
the numerical results obtained. Thus, a Rayleigh damp-
ing model was adopted with 5% critical damping in
modes 1 and 10.
2.8. Solution

Integrating residual stress, electrostatic loading, con-
tact, large deflections into a dynamic finite element
framework utilizing the NCAA scheme to perform
numerical integration, results in the basic decision
structure shown in Fig. 4.

Each rectangular block in Fig. 4 represents a modu-
lar block of simulation code responsible for computing
global effects from elemental contributions. The
assembly module performs the assembly of the contri-
bution to global system matrices (M, K, C) from the
elemental contributions. The forces module calculates
the global forces on the structure from the elemental
parallel plate results.

The oval blocks in Fig. 4 represent a computational
operation on the system model. NCAA captures the
dynamics of the system using the NCAA scheme. Con-
tact models the effects of structural contact and intern-
ally reuses the NCAA module.

The diamonds in Fig. 4 represents the controlling
logic of the solution procedure and the corresponding
branches in the solution path. Implementing the sol-
ution in a cohesive environment allows control of the
solution from a single language, without the need to
translate formats during each solution step. A frame-
work based approach allows inclusion of additional
effects at points in the future utilizing the known beha-
viours of the existing code base.

The outer loop in Fig. 4 controls the time step size,
the number of time steps in a block and the writing of
results to permanent storage. The inner loop enforces
electrostatic equilibrium in each numerical time step.
And the miscellaneous branches control the contact
and large deflection phenomena.
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3. Simulation and results

Utilizing the methodology and framework
developed, a sample analysis is performed on a thin
film bifurcating strip structure and the results com-
pared with existing string models. Eastman Kodak
string models for the GEMS device were used as the
basis for comparison [23]. The model structure consists
of a single layer thin film micro-device suspended
above a regular array of spacing structures, shown sha-
ded in Fig. 5. The structure is fixed (vz ¼ 0, hv ¼ 0)
along the x ¼ 0 and x ¼ 30 edges. The critical dimen-
sions for the model device are listed in Table 1.

Using this structure, the natural frequencies and
dynamic mode shapes were determined, providing a
value for the initial time step size (Dt) in the Newmark
integration scheme. The full dynamic model is then
subjected to a ramped increase in voltage followed by a
ramped decrease in voltage. The results exhibit the hys-
teresis arising from the bifurcating behaviour and
device profiles comparable to existing thin film models.
The modal frequencies of the structure are listed in
Table 2 and the first eight mode shapes are illustrated
in Fig. 6. For the purposes of comparison, the fre-
quencies and mode shapes of the model structure with
residual stress, r0 ¼ 0, are also listed in Table 2. The
r0 ¼ 0 case are listed with the corresponding mode
shape. The dominance of the residual stress on the
performance of the model structure is clearly evident,
not only in the dramatic increase in the fundamental
frequency, but also in the modification of the order in
which modes are excited. The results verify the basic
stiffness and mass matrices as well as the system
assembly procedures, as the results obtained are within
�2% of the ANSYS results.

A unique feature of specific thin film bifurcating
devices is the electro-mechanical hysteresis exhibited
Fig. 5. Model structure.
Fig. 4. Implementation framework.
Table 2

Model structure and ANSYS natural frequencies
Mode

shape

M

(

odel structure

Table 1) (MHz)
ANSYS

(MHz)

M

(

odel structure

r0¼ 0) (MHz)
1
 8.64
 8.64
 1.29
2
 9.39
 9.46
 4.22
3 1
7.41
 17.44
 3.56
4 1
9.03
 18.93
 8.72
5 2
6.42
 26.53
 6.99
6 2
8.83
 28.76 1
3.76
7 3
5.42
 36.03 3
4.41
8 3
5.79
 36.10 1
1.59
9 3
8.98
 39.03 1
9.52
10 4
1.07
 41.43 3
7.49
Table 1

Model structure parameters
Parameter V
alue U
nits
Length (l)
 30 l
m
Width (w)
 6 l
m
Thickness (t)
 0.13 l
m
E
 250 G
Pa
m
 0.33
q 3
484 k
g m�3
r0
 850 M
Pa
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during device operation. Fig. 7 displays the hysteretic
load–deflection behaviour of the center point of the
model structure (x ¼ 15 lm, y ¼ 3 lm), when a full
dynamic simulation of the model structure is per-
formed in the presence of a ramp voltage increase
(0 ! 25 V) followed by a ramped voltage decrease
(25 ! 0 V) in a total of 50 ls. The bulk structural
material is modelled as silicon nitride (eD ¼ 66:4�
10 12ðF=mÞ) and the surrounding medium air (e0 ¼
8:85 � 10 12ðF=mÞ) [2]. Fig. 7 clearly shows the pull
down and release voltages for the model structure, as
well as the ringing observed on device release. The lack
of bounce when initial contact is made is the result of

the truncation of the acceleration impulse.
Comparing the centerline profile (y ¼ 3) of the

dynamic model structure, with the profile of a string
approximation of the same structure, reinforces the

efficiency and effectiveness of using string based models

in determining the cross-sectional profile. Fig. 8 dis-

plays the finite element profile, shown with a solid line,

with the string profile, a dashed line. Note that contact
constraints for the string model were a solid surface,

where as the finite element model utilized a regular

array of supports, shown shaded in Fig. 5.
Fig. 8 illustrates the inability of the string model to

capture points of zero rotation. The figure also shows
that the string model utilizes a plane of symmetry, but

because continuity of rotations cannot be enforced the

structure appears discontinuous at the plane of sym-

metry.
Fig. 6. Model structure undamped dynamic mode shapes 1–8.
Fig. 7. Electro-mechanical hysteresis.
Fig. 8. Profile comparisons.
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The figure also captures the thin strip sagging below
the level of the underlying structural components, as a
result of the additional contact between the strip and
the array of supports.
4. Conclusions

Implementing residual stress, electrostatic loading,
contact, large deflections into a dynamic finite element
framework utilizing the NCAA scheme to perform
numerical integration provides a platform to study the
dynamics of distributed structural deformation for thin
film micro-devices. The integrated approach to solution
allows an accurate understanding of structural motion,
including both velocity and accelerations, a proper
knowledge of structural behaviours at critical locations
within the structure, provides vital information for
understanding the service requirements of very high
cycle devices, and allows the device designer a cost
efficient method for assessing the impact of fabrication
and design variations on device operation.

The illustrated example demonstrates the dominance
of residual stress effects on structural dynamics, the
conformal behaviour of the structure and the effect this
has on the structures suitability as a member of a light
modulator array, the bifurcating behaviour including
the observed electro-mechanical hysteresis and oscil-
lation on release. Accurately capturing these dynamic
effects allow the engineering of more reliable micro-
devices for tomorrows’ products.
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