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ABSTRACT 

This paper reports the use of the pseudo-rigid body method to predict 
the motion of compliant micro-mechanisms (CMEMS). Physical 
measurement of the motion of CMEMS structures is compared with 
predictions of the pseudo-rigid body model and finite element analysis. 
It is shown that for some structures the computationally simple 
pseudo-rigid body model can accurately predict the motion of these 
structures with error of less than the measurement accuracy of 0.5µm 
for deflections as large as 30µm. This paper also discusses the use of 
the pseudo-rigid body model to provide a hierarchical approach to 
CMEMS design that sharply reduces the computation time required to 
predict the motion of complex CMEMS structures. 

INTRODUCTION 

The use of compliant mechanisms for the construction of MEMS 
provides numerous advantages over the use of conventional rigid-body 
structures. Compliant micro-mechanisms can be easier to fabricate, 
have a simpler topology, and require no assembly. [1] Compliant 
mechanism have no joints, can be fabricated using a single mask leveL 
and its motion is dependent on materials parameters and dimensions 
rather than critical tolerances and friction. 

The use of compliant mechanisms in MEMS technology is limited, 
however, because their motion is highly non-linear and thus difficult to 
simulate. Linear equations are often inaccurate and non-linear finite 
element analysis is often too computation intensive. The linear 
deflection equations such as the Bernoulli-Euler equation do not 
adequately descnbe the motion of compliant mechanisms because 
deflection in compliant micro-mechanisms typically exceed the angular 
deflection appropriate for these approximations. Non-linear finite 
element analysis can be used to accurately predict the non-linear motion 
of compliant micro-mechanisms, but the computation time required to 
descnbe complex structures is often prohibitive. 

THE PSEUDO-RIGID BODY MODEL 

Recently a new formalism has been developed to simplify description 
of compliant mechanisms. [2] The pseudo-rigid-body (PRB) method 
sharply reduces the complexity of compliant mechanism simulation by 
modeling the compliant mechanism as a parameterized rigid-body 
mechanism. The complex non-linear motion of CMEMS structure can 
then be predicted using simple, computationally efficient kinematic 
methods. 

Compliant mechanisms gain some or all of their motion from the 
deflection of flexible members. In general, the deflections of flexible 
members in compliant mechanisms are large, and non-linear analysis 
methods must be employed to accurately predict their behavior. Early 
efforts in compliant mechanism analysis involved using elliptic integral 
solutions to model simple mechanisms. (3,4] More recently numerical 
methods, such as nonlinear large-deflection finite element methods, 
have been used to analyze the behavior of compliant mechanisms. [5] 

Theory has recently been developed that simplifies the nonlinear 
analysis of compliant mechanisms. Before the advent of compliant 
mechanism analysis theory, the difficulty associated with non-linear 
analysis often limited the use of compliant mechanisms to very simple 
tasks. For example, to use non-linear finite element analysis, a designer 
must already have obtained a detailed initial design before the 
mechanism could be modeled. In contrast, the pseudo-rigid-body model 
in compliant mechanism theory serves as a fast and efficient method of 
evaluating many different trial designs to meet the specific design 
objectives. Once a design is obtained such that it meets the specified 
design objectives, it may be validated or further refined using methods 
such as non-linear finite element analysis. 

One of the key concepts in compliant mechanism theory is the pseudo
rigid-body model This model provides a means of simplifying the 
nonlinear analysis associated with large deflections. It also is valuable 
in predicting the behavior of complex systems of flexible members. 
Pseudo-rigid-body models have been developed for a number of types 
of flexible segments, two of which are briefly descnbed here as 
prototypes for other more complex compliant structures. If a system has 
flexural segments with lengths small relative to those of the rigid 
segments, the flexural segments are modeled as pin joints with torsional 
springs to represent the member stiffness, as shown in Figure l a. [6] 
These segments are called small-length flexural pivots. The spring 
constant is calculated as: 

where Eis the modulus of elasticity,/ the moment of inertia, and l the 
length of the flexible segment . 

Figure 1 b illustrates the pseudo-rigid-body model for a Jong flexiole 
segment with an end-force load. Again, the model consists of two rigid 
links, connected by a "characteristic pivot" to represent the 
displacement, and a torsional spring to model the beam resistance to the 
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applied force [2]. 'rim model predicts a deflection path of the beam that 
is within 0.5% of the closed-form elliptic integral solutions for quite 
large deflections. The location of the characteristic pivot is specified by 
·y, where the length of the pseudo-rigid link is yL. A 
nondimensionalized "stiffness coefficient", Ka, is used to specify the 
stiffness of the torsional spring as: 

where L is the length of the flexi"ble segment (Figure 1 b ). Values of 
y = 0.85, and yK8 = 2.16 are used for the constant-force mechanisms 
descn"bed herein. Figure le illustrates a similar model for fixed-guided 
flexi"ble segments [7]. 
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Figure 1. Pseudo-Rigid-Body models for various flexible 

segments. 

The pseudo-rigid-body models for individual flexi"ble segments may be 
used to model more complex systems that include such members. This 
provides the ability to develop a pseudo-rigid-body model of a compliant 
mechanism, and then use the large body of knowledge available in the 
field of rigid-body mechanism analysis and design. In this way, the 
pseudo-rigid-body model concept acts to unify compliant mechanism 
and rigid-body mechanism theories. 

THE PARALLEL-GUIDING MECHANISM 

In order to validate use of the PRB model to descn"be compliant 
micro-mechanisms, we fabricated several types of CMEMS structures, 
measured their deflection characteristics, and compared their motion 
with predictions made by the PRB model In this paper we report on the 
results obtained from a compliant structure that is a combination of two 
of the connected constant end angle segments illustrated in Figure 1 c). 
This structure is called a parallel-guiding mechanism and was chosen 
because it is simple enough to be modeled using non-linear finite 
element analysis, complex enough to be poorly modeled by use of the 
Bernoulli-Euler equations, and robust enough to measure deflection 
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Figure 2. A compliant parallel-guiding mechanism and its 
pseudo-rigid-body model. 

into the non-linear regime. 

Figure 2 is a sketch of a prototype compliant parallel-guiding 
mechanism together with the equivalent PRB model representation. As 
can be seen from the figure, the motion of the compliant 
parallel-guiding mechanism can be descn"bed using the PRB model and 
standard kinematic position analysis. The path equations for a point "P" 
in the compliant parallel-guiding mechanism are: 

l1x=yLcos(0) 

aY=yL(sin0-1) 

L(l-y) 
o:=---

where the characteristic radius factor, y, is determined from the 
orientation of the input force. 

Using the stiffness coefficient, Ke. and the PRB equivalent model for 
the compliant parallel-guiding mechanism we find: 

1t 
8KfPI(--0) 

F-
2 

L 2sin0 

where the applied force, F, is the horizontal forcing acting on the 
coupler. Displacement values calculated from these equations were 
used to compare with displacement measurements from fabricated 
compliant parallel-guided micro-mechanisms and the results are 
discussed in the next section of the paper. 

EXPERIMENTAL VERIFICATION OF THE 

PSEUDO-RIGID BODY MODEL 

Two processes were used to fabricate the structures used in this study. 
The first was a single level poly-silicon process with 4pm of polysilicon 
and a 2pm SiO2 release layer. The second process was the MUMPS 
process provided by MCNC with 2pm of poly-silicon and a 2pm Si02 

release layer. An SEM photograph of a fabricated structure is shown 
in Figure 3. 
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Figure 3. SEM micrograph of fabricated parallel-guiding 

mechanism. 

Table I indicates the dimensions of the two mechanisms used in this
work.

Table 1. List of the physical parameters for the two parallel-guided 

mechanisms measured in this study. 

Structure L t L.

A 100 µm 3µm 103 µm

B lO0µm 3µm 53µm

Figures 4 and 5 compare the measured deflection of parallel mechanism
A and B with predicted displacement extracted from the PRB model and
non-linear finite element analysis using ANSYS. Data for several
instances of each structure are represented in the graph. Data for 
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Figure 4. Graph of measured and predicted x- and y

displacement for parallel-guided mechanism B. 

greater deflection was not measured because of mechanism failure. The
error bars represent the uncertainty due to the pixel size of the digitized
image used to determine position of the mechanism. 

Both graphs show excellent correlation between measured data and
predictions from the PRB model and the non-linear finite element
analysis. The data from mechanism A with a longer coupler length is 

somewhat closer to the predicted values than mechanism B, but the data
from both structures closely match predicted values.
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Figure S. Graph of measured and predicted x- and 

y-displacement for parallel-guided mechanism A. 

The Bernoulli-Euler equations would predict zero vertical deflection, 
and the predicted path is coincident with the x-axis. This is an accurate 
approximation for small, linear deflections, but the error increases as the
deflection increases. 

The close correlation between predicted and measured data indicates
that little or no torsion is occurring in the measured structures. Torsion 
is a major problem with analysis of the path of CMEMS because all of
the analysis assumes that the displacement of the structures is restricted
to the plane of the wafer and measurement of out-of-plane displacement
is difficult to determine. We measured other types of CMEMS
structures and found that torsional movement severely compromised 
measurement data. We are currently fabricating small Iinewidth
devices using thicker poly-silicon films in order to minimize torsional
effects.

CONCLUSIONS 

The close correlation between the measured data and the pseudo-rigid
body predictions for parallel-guiding CMEMS mechanisms indicates the
accuracy of the PRB method for moderately complex CMEMS
structures. The comparatively short computation time required to
simulate structures using the PRB method indicate great promise for 
simulation of complex CMEMS structures. 

In future work we will verify the accuracy of the PRB approach to
model more complex CMEMS mechanisms and to develop a formalism
for complex CMEMS designs. These designs will include precise 
movement and bistable CMEMS mechanisms.
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