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Design Rule and Orientation Layout for MEMS
Curved Beams on Silicon
Tzung-Ming Chen, Zhenyu Liu, Jan G. Korvink, and Ulrike Wallrabe

Abstract—An analysis method used to choose a suitable structural orientation layout for a microcompliant mechanism, which
includes multi-curved-beams, is introduced, particularly, for fabricating microelectromechanical-systems (MEMS) thin-curvedbeam microstructures on (100) and (111) single-crystal silicon
(SCS) wafers. The achievement of a large deflection of a fabricated
SCS device verifies the usability of this design rule. The orientation
layouts of the device for a large deflection are restricted to a
specific region. Based on the analysis method, it is better to follow a
21◦ safe region between the 100 and 110 orientations in order
to decrease the possibility of crystal slip failure. Using this design consideration, one can design more robust MEMS compliant
mechanisms from SCS, exploiting its ideal elasticity. [2009-0149]
Index Terms—Compliant mechanism,
single-crystal silicon (SCS), stiffness matrix.
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deflection,

I. I NTRODUCTION

S

INGLE-CRYSTAL silicon (SCS) is an anisotropic and
brittle material with a high Young’s modulus. It is one
of the most used materials in microelectromechanical systems
(MEMS). Many different SCS microdevices can be developed
by using compliant mechanisms to achieve the elastic and
kinematic functions [1]. This kind of microdevice uses the deflection of the structure to fulfill a specific motion. A successful
compliant mechanism has many advantages, for example, it
simplifies the manufacturing and assembly procedure, maintains a precise kinematic path and avoids friction in motion [2],
and smoothens the stress distribution. The main design goal
for compliant mechanisms is the reliability of the mechanism
[3]. Compared to static structures, it is much more important
for compliant mechanisms to achieve reliability of a kinematic
motion through a sophisticated design [4]. For this reason, the
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relation between the material properties and the reliability of a
micro-SCS kinematic mechanism has to be discussed.
In the design procedure, the structural topology is one of the
primary factors that need to be considered. The big challenge
for a designer is how to obtain an optimized mechanism and
simplify a complicated structural topology in order to satisfy a
precise kinematic motion and balance the stiffness and compliance in order to maintain the elastic deformation of SCS. Based
on the directional Young’s modulus of SCS, it is necessary to
assign a motion range of a device and predict the behavior
limit, which is also a design objective. Therefore, Young’s
modulus and the fracture strength of SCS need to be considered
and treated as the design constraints. Relying on these two
parameters, the spring constant and the structural topology are
able to reinforce each other. Furthermore, in order to obtain
a smooth structural profile and overcome stress problems, a
new design concept with curved beams is used. A curvedbeam design is more efficient than a traditional straight-beam
design for a large deflection application because both of stress
concentrations and nonsmooth distributions of stress are easier
to be handled in a curved beam [5].
However, a single-crystal structure does not have the grain
boundary strengthening mechanism because of its atomic
arrangement. When the material is actuated by an external
force, crystal slip easily happens in this kind of materials due
to shear stress. Normally, the theoretical fracture strength of
a single-crystal material is 100 times higher than the critical
resolved shear stress which follows the slip direction of the
material [6], [7]. Therefore, a safe region on an SCS wafer
has to be defined in order to avoid or decrease the possibility
of stress-induced crystal slip. Based on the consideration, the
calculation of the stiffness can be trusted, and the decision of
the mechanical safety factor is then reliable. This means that
the theoretical elasticity of the SCS can be exploited. This is the
reason why we focus on the relation of the anisotropy and the
orientation layout of an SCS compliant mechanism, particularly
with a large deflection. In other words, orientation layout is an
important consideration to maintain the kinematic robustness
before an SCS compliant mechanism has been fabricated. If this
consideration is missed, the given function of a device that was
decided in the design stage would be limited.
Based on basic theories, correct analysis, and suitable simulation tools, we can predict the feasibility of fabrication
and the capability of a product and save time to obtain a
successful product. The corresponding stiffness in the 100,
110, and 111 orientations can be calculated by a generalized
Hooke’s law by means of Young’s modulus, shear modulus,
and Poisson’s ratio [8], [9]. By using a transformation tensor,
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TABLE I
S PECIFIC O UTPUT D ISPLACEMENT IN THE Y -D IRECTION IN A C ONSTRAINED D ESIGN A REA I S THE D ESIGN O BJECTIVE . T HE C URVED B EAM
S HOWS A H IGHER P OSSIBILITY TO ACHIEVE THE O BJECTIVE W ITH A L OWER S TRESS AND E XTERNAL F ORCE

the stiffness of any specific orientation can be mapped [10].
For example, if one straight beam is planned to be actuated
in a simple bending mode with a small deflection, it is not
a big issue to lay the beam on an SCS wafer in order to
avoid the orientation of the maximum shear stress to align with
the 110 direction. In this kind of situation, relying on the
transformation tensor, the mechanical behavior of the beam can
be predicted. Nevertheless, the orientation layout of a multicurved-beam compliant mechanism could not rely only on a
generalized Hooke’s law. Because of the change of the stress
state during the actuation, the balance among the actuation
direction, the anisotropy properties, and the structural topology
has to be solved “case by case.” By using “trial and error” to
find a suitable orientation often wastes more time and cost. In
other words, a specific analysis of safe region on an SCS wafer
for different structural profiles and different loading modes is
necessary.
Therefore, in this paper, an in-plane rotational mirror [11]
is used as an example to discuss the calculation and analysis
process, as well as to determine a useful criterion for orientation layout of thin-beam structures. Furthermore, in order to
achieve a large deflection and maintain the reliability, a suitable
orientation layout on an SCS wafer has to be chosen to decrease
the possibility of crystal slip failure during kinematic motion.
At the end, the MEMS compliant mechanism is fabricated and
measured to verify our analysis.
II. A DVANTAGE OF C URVED B EAM
Compliant mechanism relies on bending and deflection to
achieve the designed function of specific deformation and
movement. Combining topology optimization and a pseudorigid-body mode [12] in a structural topology design stage,
an optimized multi-curved-beam structure can be generated to

fulfill a specific movement. The geometry consideration of a
multibeam structure has been discussed in detail in another
publication [11]. The most important factor of curved beams
in a compliance application is the ability to smoothen the
structural profile, in order to avoid the stress concentration
which happens at the edge or corner. Because the shape and
the stress state of a compliant mechanism are changing during
a large deflection, it is possible to distribute the stress and
overcome the stress concentration by means of a curved-beam
design. The objective of the simple example that is shown in
Table I is to get a 42-μm output displacement in the Y -direction
in a constrained design area. The curved beam shows a higher
possibility to achieve the objective with a lower stress and an
external force. Based on this concept, we design and fabricate
the demonstrator device.
III. D EMONSTRATOR D EVICE
In this paper, an in-plane micro rotational mirror (see Fig. 1)
is used as the demonstrator to explain the criterion idea. The
dimension of the device is 2.2 mm × 2.6 mm × 150 μm,
and the minimum beamwidth is 20 μm. The function of the
2-D rotational mirror is used to deliver a 34-μm linear input
displacement from the load point and to transfer it to 10◦
of rotational movement with a fixed rotational center as the
output at the mirror section. Most importantly, the structural
device is constituted by only one component and relies on the
compliance of SCS to achieve the function that we specified.
The device is designed in two steps. In the first step, topology
optimization is used to generate an initial structural layout.
In the second step, computer-aided design (CAD) software is
used to modify the structural topology in order to smoothen the
profile and overcome stress problems. During the modification,
a pseudo-rigid-body mode is used to analyze the kinematic
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Fig. 1. Thin-curved-beam device obtained from the mechanism analysis with
a pseudo-rigid-body model. The maximum shear stress occurs at the beam
below the mirror section (upper right ellipse) and the maximum normal stress
occurs at the meander, which is located below the load point (lower left
ellipse). The minimum beamwidth is 20 μm, and the dimension of the device
is 2.2 mm × 2.6 mm × 150 μm.
Fig. 3. Three main axes of the global coordinate system are defined as
X110 , Y110 , Z100 , and the three axes of the coordinate system of
45◦ coordinate plane rotation is defined as X100 , Y100 , Z100 . The Z-axis
is the rotational axis.

simulation. However, SCS is an anisotropic material. For a full
description, it is necessary to use the theoretically corresponding stiffness matrix for a specific coordinate system and to
understand the real stress state, displacement, and deformation
of this device in a 3-D model [13]. First of all, we have
to define the global coordinate system and make sure that
the basic stiffness matrix is correct in order to calculate the
specific stiffness matrices of different orientations in the wafer
plane.
A. Stiffness Matrix

IV. L AYOUT C ONSIDERATIONS

1) (100) Wafer: By using Young’s modulus, shear modulus,
and Poisson’s ratio of the three main axes of a coordinate system, we can define a stiffness matrix by a generalized Hooke’s
law [9]. In our design, we use the primary flat [110] direction
as the X-axis of the global coordinate system. Because the
layout is on the wafer plane, [001] is used for (100) wafer
as the Z-axis. The brackets we use in this paper follow the
standard definition, for example, [100] represents a specific
crystal direction and 100 represents the family of a crystal
orientation. In order to explain more easily, the X-direction of
the global coordinate system on a (100) wafer is defined as
X110 , the perpendicular Y -axis is defined as the Y110 . The
normal direction of the wafer plane is defined as the Z100 ,
which is the rotational axis of layout coordinates; see Fig. 3.
Under the coordinate system definition, the Young’s moduli
E1 = E2 = E110 = 168.9 GPa and E3 = E100 = 130 GPa,
and the shear moduli G13 = 80 GPa and G12 = 51 GPa are
substituted to the stiffness matrix of the global coordinate
system, and the value is as follows:
⎡
⎤
195 36
64
0
0
0
0
0
0 ⎥
⎢ 36 195 64
⎥
⎢
64 166 0
0
0 ⎥
⎢ 64
(1)
⎢
⎥ (GPa).
0
0
80 0
0 ⎥
⎢ 0
⎣
⎦
0
0
0
0 80 0
0
0
0
0
0 51

The general analysis of the stress scale and the deformation
of a compliant mechanism can be easily estimated by 2-D

Furthermore, by using the following transformation formulas
[10], we can map the corresponding stiffness matrix from the

Fig. 2. Deformation and the stress state of the SCS compliant mechanism in
a 2-D plane stress model.

motion. The relation between the geometry and the stress is
analyzed by finite-element methods. The compliant mechanism
is attached to a frame at two fixation lines (Fig. 1, top left
and bottom). The input with a horizontal actuation force on the
left generates a rotation through the center point of the mirror
section on the right side; see Fig. 2. Based on the geometric
design of this curved-beam device, which has been discussed
in another paper [11], we extend the detailed discussion here
on the directional properties of SCS device and its orientation
layout consideration. In order to estimate the stress scale,
we used the Young’s modulus in the 110 orientation for a
2-D simulation [10]. We found that the maximum shear stress
occurs at the beam below the mirror section (Fig. 1, upper right
ellipse) and the maximum normal stress occurs at the meander
below the load point (Fig. 1, lower left ellipse). By means of the
2-D simulation, we precisely analyze the stress state of different
orientation layouts by 3-D simulation and fabricate the device
by a standard silicon process.
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global coordinate system to arbitrary coordinate system in the
(100) wafer plane:


C11
= C11 + Cc l14 + m41 + n41 − 1
(2)


(3)
C12
= C12 + Cc l12 l22 + m21 m22 + n21 n22


C13
(4)
= C13 + Cd l12 l32 + m21 m23 + n21 n23


C33
= C33 + Cc l34 + m43 + n43 − 1
(5)


(6)
C44
= C44 + Cc l22 l32 + m22 m23 + n22 n23


C66
(7)
= C66 + Cc l12 l22 + m21 m22 + n21 n22
Cc = C11 − C12 − 2C44

(8)

Cd = C11 − C13 − 2C44

(9)

l1
l2
l3

m1
m2
m3

cos θ
n1
n2 = − sin θ
0
n3

sin θ
cos θ
0

0
0
1
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original engineering constants of the Y -axis [112̄] of a (111)
SCS wafer is replaced by the X-axis [110]. Therefore, using the
same way as we have discussed in the global coordinate system
of (100) wafers, the primary flat 110 orientation is used to
define the X110 and the Y110 . The normal direction of the
wafer plane [111] is defined as the Z111 . Under the coordinate
system definition, the Young’s moduli E1 = E2 = E110 =
168.9 GPa and E3 = E111 = 187.5 GPa are substituted to a
generalized Hooke’s law, and the stiffness matrix of the (111)
wafer plane is shown in the following:
⎡
⎤
191 57
45
0
0
0
0
0
0 ⎥
⎢ 57 191 45
⎢
⎥
45 204 0
0
0 ⎥
⎢ 45
(13)
⎢
⎥ (GPa).
0
0
58 0
0 ⎥
⎢ 0
⎣
⎦
0
0
0
0 58 0
0
0
0
0
0 67

(10)

where Cij is the component of the stiffness matrix of the global

is the component of stiffness matrix
coordinate system, Cij
of the rotated coordinate system, and l, m, and n are the
components of the directional cosine. For example, the stiffness
matrix of 12◦ rotation of coordinate (X110−12◦ , Y110−12◦ ,
Z100 ; see Fig. 3) is as follows:
⎡
⎤
180.5 49.5
64
0
0
0
0
0
0 ⎥
⎢ 49.5 180.5 64
⎢
⎥
64
64
166
0
0
0
⎢
⎥
(11)
⎢
⎥ (GPa).
0
0
80 0
0 ⎥
⎢ 0
⎣
⎦
0
0
0
0 80
0
0
0
0
0
0 65.5
The stiffness matrix shown in (11) will be used in the next
section. In order to verify the correctness of this transformation,
we separately calculate the stiffness matrix of the three-100
coordinate system (X100 , Y100 , Z100 ) by using the generalized Hooke’s law and by using the transformation formulas
based on the global coordinates. Both of the values are the same
and as follows [10]:
⎡
⎤
166 64
64
0
0
0
0
0
0 ⎥
⎢ 64 166 64
⎢
⎥
64 166 0
0
0 ⎥
⎢ 64
(12)
⎢
⎥ (GPa).
0
0
80 0
0 ⎥
⎢ 0
⎣
⎦
0
0
0
0 80 0
0
0
0
0
0 80
Because of the verification, we make sure that the value of
stiffness matrices can be used to analyze the deformation and
the stress state of the SCS device in 3-D simulation.
2) (111) Wafer: The (111) wafer plane is a close-packed
plane, and the difference of driving force in each direction on
the wafer plane can be ignored [14], [15]. If there is no any
internal defect in the material, we can use only one stiffness
matrix to describe the mechanical behavior of the wafer plane.
In other words, we can use the same value for the X- and
Y -axes to simplify the calculation. Based on this concept, the

B. Layout Orientation
The structural device we used in this paper is a multi-curvedbeam compliant mechanism. Based on the displacement and the
stress considerations, the specific positions among the beams
construct the structural topology. The orientation of each beam
is therefore related to each other. In this situation, the relation
among the actuation, the maximum stress beam, and the coordinate system has to be analyzed in order to find a suitable
orientation of the structure layout on a SCS wafer. Because the
material properties of the SCS wafer are 45◦ symmetry on the
(100) plane [10], normally, we only need to analyze the 45◦
region between 100 and 110 orientations and map the same
properties to the whole wafer. However, our device is not a
symmetric structure. We also need to analyze the different stress
states between clockwise and anticlockwise movements in the
global coordinate system.
In order to understand the influence of the orientation of
this SCS structure on its kinematic motion and robustness, we
define and compare six different orientation layouts on a (100)
wafer and one layout on a (111) wafer. The seven layouts have
different coordinate systems, which are shown in Fig. 4. The tilt
of the maximum shear stress beam [(MSB); below the mirror;
see Fig. 1] is 33◦ away from the direction of the actuation
force, which is defined to align with the X-direction of the
specific coordinate system. Because of the tilt of this beam, we
choose 12◦ as a distinction to define each layout and discuss
the relation between the rotation of coordinate systems and
orientation layouts.
In (100) wafer, the structure of layout (1) is in the global
coordinate system, and the orientation of the MSB is 12◦ away
from 100 orientation and 33◦ away from 110 orientation.
In layout (2), the MSB aligns to 100 orientation, and the
actuation force (or the coordinate system) is anticlockwise 12◦
away from 110 orientation. In layout (3), the orientation of
the MSB is pointing to the center of 100 and 110, in other
words, 22.5◦ away from 110 orientation. Aside from layouts
(2), (3), and (5), all other layouts are based on the same rule
subsequently to show a 12◦ angle between the MSB and either
the 100 or 110 orientation, in order to cover and conclude
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Fig. 5. Three-dimensional structural model of the SCS device, which is
constructed of quadratic quadrilateral meshes.

Fig. 4. Seven orientation layouts and defined coordinate systems on SCS
wafer. The angle between the MSB and the X-axis is 33◦ . Layouts (1) and
(7) are aligned to the global coordinate system.

the different behavior of the structure between 110 − 45◦ and
110 + 12◦ , from anticlockwise to clockwise. In (111) wafer,
the structure of layout (7) aligns again to the global coordinate
system.
In the next step, Comsol [13] is used to simulate the deformation and analyze the stress of this structure. With a rough 2-D
plane stress analysis, we found that the maximum stress (von
Mises) of the structure is about 1.2 GPa (see Fig. 2), which
reaches the fracture strength of SCS [16], when the mirror
section of the device rotates about 12◦ . Because the maximum
stress must be maintained below the fracture strength of the
material, we define 10◦ rotational angle of the mirror as the
limit. In the precise 3-D simulation, the aforementioned seven
layouts with the corresponding stiffness matrices are compared
and analyzed. Because the 3-D mesh densities of the seven
layouts have to be unified, there is only one CAD model, which
is constructed of quadratic quadrilateral mesh; see Fig. 5. The
corresponding stiffness matrices were used in the calculation
of each orientation layout. From the simulation results, we find
that the input displacement for 10◦ rotational angle of the mirror
is 34 μm, and it is the same in the seven orientation layouts.
The differences are in the actuation force and in the stress
state, because of the directional Young’s modulus of SCS. The
coordinate system of a layout closer to the global coordinate
system needs a larger actuation force, and vice versa; see Fig. 6.

Fig. 6. Relation between input displacement and the actuation force. The
device located on the seven orientation layouts has the same input displacement
(34 μm) for achieving 10◦ of rotational angle in the mirror section. Nevertheless, the corresponding actuation forces are different.

C. Orientation Map
The compliant mechanism uses bending to achieve hinge
function; in other words, the rotational angle of the mirror
section is the required function of the device. When the device
is driven by an actuator, the stress state of the compliant
mechanism is complicated, since each point along a curved
beam has a different effective cross-sectional elastic property.
However, from the analysis of the data, we find that there are
two key factors for a design criterion. The first one is the
orientation of the MSB. The second one is the orientation of
the connection line between the point of the maximum shear
stress (at the bottom of MSB) and the point of the minimum
stress (on the top of MSB). We define this connection line as
MSL; see Fig. 7. The bending moment on MSB is represented
by a pair of curved arrows.
The bending of MSB is unsymmetrical, which means that the
ultimate shear stress may not be stationary. In reality, during
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Fig. 7. Definitions of MSB and MSL at the maximum shear stress region of
the structure. During the actuation, the position of the maximum shear stress is
stationary. However, the position of the minimum shear stress moves forward
to the left, when the critical stress is reached. Therefore, the orientation of MSL
is changed.

the bending, there is a critical threshold stress. When the stress
exceeds the critical threshold stress, the position of the ultimate
stress would change. In our case, the point of the minimum
shear stress moves forward to the left, when the stress reaches
the critical threshold stress. Hence, we simulate the forcedisplacement behavior of the mirror structure to find the critical
stress, and simultaneously, the corresponding orientations of
M SL1 (before) and M SL2 (after).
Because it is easier to explain it by the rotational angle of the
mirror section, the critical angle of the mirror is used to replace
the critical stress. Fig. 8 shows each layout (a) below and (b)
above its critical angle. The angle in the box inset indicates the
critical tilting angle of the mirror when MSL starts to tilt toward
the left (M SL1 → M SL2 ). The angle between MSL and the
[110] direction is shown by the bent arrow. The turning of MSL
is obvious for each case; we rearrange the data and categorize
the seven layouts as three types (see Table II).
1) The orientations of both MSB and MSL are close to
110. Layouts (5) and (6) correspond to this type. Because of the high possibility to cause a crystal slip in the
whole region (0◦ –11◦ ), it is better to avoid this kind of
layout.
2) The orientation of MSB is far away from 110, but
the orientation of MSL is close to 110. Layout (2)
corresponds to this type. When the angle rotates more
than 5◦ , the possibility to induce a crystal slip would be
increased. This kind of orientation layout is only suitable
for small deflection.
3) The orientation of MSL is far away from 110. Layouts
(1), (3), (4), and (7) correspond to this type. Between 12◦
and 33◦ of MSB orientation, it can efficiently decrease the
possibility of slip.
Based on the three types, we find a “21 ◦ safe region.” If the
orientation layout of MSB can avoid the 12◦ region that deviate
from both 100 and 110, the SCS compliant mechanism
can efficiently decrease the crystal slip and efficiently use its
elasticity to achieve a large deformation.
Due to the symmetry of (100) SCS wafer, we can thus plot
a map of safe layout orientation, which directly illustrates the

Fig. 8. Stress states and deviations of the seven orientation layouts. During
kinematic motion, the maximum stress beam is under unsymmetrical bending.
When the rotational angle of the mirror exceeds the critical angle, the tilting
direction of MSL is changed.

safe regions and those which should be avoided; see Fig. 9.
Meanwhile, from the analysis of layout (7) for (111) wafer,
we find that there is no obvious slip mechanism. Nevertheless,
a scratch, which is located at the sidewall of the maximum
stress beam, would be an initial failure source to induce a crack
[17] and then transmit to align with 110 orientation. Under
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TABLE II
T HREE T YPES OF O RIENTATION L AYOUT A RE D EFINED A FTER C LASSIFICATION . T YPE 1 I S N OT A G OOD O RIENTATION
L AYOUT. T YPE 2 I S O NLY S UITABLE FOR G ENERAL A PPLICATIONS W ITH S MALL D EFLECTION . T YPE 3 I S S UITABLE
FOR L ARGE D EFLECTION A PPLICATION AS FOR THE C OMPLIANT M ECHANISM T REATED IN T HIS PAPER

TABLE III
E XPERIMENTAL R ESULTS OF THE ROTATIONAL A NGLES OF THE M IRROR
S ECTION . T HE M EASUREMENT T OLERANCE OF THE A NGLE I S ±0.5◦

Fig. 9.
wafer.

Shaded regions are the safe layout orientations of the MSB on a (100)

a conservative consideration, it is also better to follow this
orientation map in order to maintain the robustness.
V. E XPERIMENTAL V ERIFICATION
In order to verify the simulation result, some demonstrator devices were arranged on SCS wafers by following the
three types of orientation layout that had been summed up in
Table II. After that, those thin-beam structures were shaped
by an inductively coupled plasma dry etching. The etching
parameters follow the standard deep etching recipe [18]. Six
samples for each type on (100) wafer and three samples on
(111) wafer were prepared and pushed by a piezoelectric actuator. The experimental result is shown in Table III.
From the experimental result of those devices which are fabricated on (100) wafers, we find that the variance of the stable
maximum rotational angle is large, which is from 2◦ to 11.5◦ .
Those specimens that can reach stable 10◦ rotational angle be-

Fig. 10. Optical micrograph shows 10◦ of rotational angle with a stationary
rotational center. The compliant micro rotational mirror is made of SCS
with the dimension 2.2 mm × 2.6 mm × 150 μm. The corresponding input
displacement is 33–35 μm.

long to type 3 in which the corresponding input displacement is
33–35 μm; see Figs. 10 and 11. The failure possibility of other
specimens from types 1 and 2 is higher in the first 10–20 μm
input range, and the average rotational angles are 3◦ and 4◦
separately. In addition, the rotational angle of those specimens
which are fabricated on (111) wafers is between 8◦ and 9.5◦ .
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VI. C ONCLUSION
Based on the theories of elasticity and numerical analysis
method, we successfully fabricated a compliant mechanism device which can generate specific movement with multi-curvedbeams. Our analysis method can be generalized as follows.
1) Analyze the deformation and the stress state with corresponding stiffness matrices in simulation software.
2) Find the MSB of the device.
3) Find the positions of ultimate shear stresses, and connect
the two points of ultimate stresses as a line (MSL).
4) Calculate the angle between MSL and the slip direction
110 of SCS.
5) Decide the suitable orientation of the device on the SCS
wafer in order to avoid crystal slip.
Fig. 11. Comparison between the simulation and a measurement result
shows that both corresponding input displacements for a 10◦ rotational angle
are 34 μm.

Fig. 12. Close-up view of a crystal slip on MSB. The slip direction is close to
the 110 orientation, which is the main failure mechanism of type 1, and the
corresponding rotational angle is less than 5◦ .

By using this design rule, we have demonstrated that this
fabricated device has the same behavior as predicted in analysis
and simulation. The micro rotational mirror can reach 10◦
of rotational angle through 34 μm of input displacement and
achieves large deflection with a brittle material. In order to
decrease the possibility of failure, choosing a suitable coordinate frame to balance the actuation force, stiffness, and the
orientation of the maximum stress beam of the device is a key
step. The general criterion for the layout of a bending beam
is to avoid the occurrence that the connection line between
the maximum shear stress point and the minimum stress point
is parallel or close to the 110 orientations. Furthermore, for
a large deflection application on (100) wafers, the maximum
stress beam shall deviate 12 ◦ –33◦ from 110 orientation. For
the orientation layout on a (111) wafer, it is better to arrange
the orientation of MSL far away from the 110 orientation to
decrease the possibility of initial cracks generated in the slip
direction. In other words, if crystal slip and the initial cracks
can be avoided or reduced, the fracture strength of SCS can
be a reliable index to predict the maximum rotational angle of
the rotational mirror. Moreover, an SCS compliant mechanism
can exploit on its high Young’s modulus to achieve a large
deflection, if the device is fabricated by correct orientation
layouts and the maximum intrinsic stress is maintained below
the elastic limit.
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Fig. 13. Close-up view of the breakage on MSB. The breakage shape is more
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