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Abstract. The performance of an inertial micro-device largely depends
on its displacement sensitivity. Different techniques like mechanical
amplification using compliant mechanisms, geometric anti-spring design,
and mode-localized can be employed for improving it. In this paper, a
compliant mechanism-based accelerometer is studied and the design is
optimized by incorporating a curved shaped beam. A detailed analysis
presents interesting insight about the operation of the curved-shaped
displacement amplifying compliant mechanism (DaCM). Study suggest
that a larger sense mass displacement could also be achieved by DaCM
with smaller geometrical amplification. The design simulations are car-
ried out in finite element analysis (FEA) based CoventorWare and COM-
SOL Multiphysics simulator.

Keywords: Accelerometer - Displacement amplification - Compliant
mechanism - Geometric anti-spring + MEMS

1 Introduction

Microelectromechanical systems (MEMS) have been of significant interest for
design of inertial sensors because of their low cost, small size, and rugged-
ness. Devices like MEMS accelerometer and gyroscope find applications in con-
sumer electronics, automobiles, missiles, aircraft navigation [1]. Applications like
inertial navigation system for ships, aircraft, submarines, guided missiles, and
spacecraft requires very high sensitivity and resolution (of an order of 10—20 ug
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for accelerometer and 1—5°/h for gyroscopes) [2]. Resolution of inertial MEMS
devices is mainly limited by Brownian noise in micro-mechanical structures and
interface electronics circuit noise [3]. A low mechanical sensitivity of MEMS
devices may cause the electronics noise to dominate and limit the resolution
[4]. Thus, there has been a significant interest to increase the sensitivity of
MEMS. Different techniques like mechanical amplification using compliant mech-
anism, geometric anti-spring design, mode-localized design are being explored to
improve the performance [5-7].

A compliant mechanism consists of flexible members that undergo deforma-
tion for applied force [8]. The deformation stores elastic energy in the flexible
member, similar to strain energy in a deflected spring, which can be trans-
ferred or transformed to obtain a desired force-deflection relationship. In con-
trast, a rigid body mechanism consists of rigid link connected at movable joints
to achieve a required force displacement behaviour. Thus, compared to a rigid
body mechanism, a compliant structure has significantly lesser number of parts
and movable joints to accomplish a specified task. Thus, it increases the preci-
sion of the compliant structures. Other advantages include miniaturization and
reduction in weight of the compliant structure [8]. Further, compliant mechanism
based design also suits the micro-fabrication process. It has allowed implemen-
tation of various compliant mechanism based MEMS devices like microgripper,
crimping mechanism, compliant pliers [8]. The feasibility of micro-fabricated
compliant structure has attracted research interest toward improving the dis-
placement sensitivity of MEMS accelerometer; which can significantly improve
their performance. In [9], a micro-lever based displacement amplifying mecha-
nism was proposed for MEMS accelerometer. The lever mechanism works on
the principle of displacement amplification at the free end of a beam for an
applied force applied near to the fixed end of a beam as shown in Fig.1(a). It
shows a significant amplification of the output displacement and sensitivity. A
simplest compliant structure for displacement amplification is an angled shaped
beam shown in Fig.1(b) [10]. The folded shape allow realization of amplifica-
tion mechanism in smaller area. Different designs of displacement amplifying
compliant mechanism have been studied in literature for accelerometer design
[5,11,12].
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Fig. 1. Output displacement amplification: (a) lever mechanism [9], and (b) a simple
compliant mechanism [10]
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Applications like gravimeter for distributed gravity monitoring requires ultra-
sensitive seismic accelerometer [6,13-15]. These accelerometers employ a curved
shaped geometric anti-spring having reduced stiffness and very high sensitivity.
In the present paper, the geometric anti-spring is incorporated in the design of
displacement amplifying compliant mechanism and studied for its performance
improvement. The designed accelerometer is also compared with the conventional
accelerometer.

This article is organized as follows: A brief discussion on the design of con-
ventional and compliant-mechanism accelerometer is presented in Sect. 2. Next,
the optimization of displacement amplifying compliant mechanism is presented
in Sect. 3. This is followed by the design and study of accelerometer with geo-
metric anti-spring based compliant mechanism in Sect. 4. In the end, result and
discussion is presented.

2 Accelerometer Designs

In this section, discussion on conventional (without mechanical amplification),
and DaCM-based accelerometers are presented. In the following section, a novel
design of DaCM is explored towards its performance improvement. The perfor-
mance improvement by employing a DaCM in a design must not be at a cost of
device footprint area. Thus, all designs considered in the manuscript have the
same footprint area of 2mm x 3 mm.

2.1 Conventional Accelerometer

A conventional accelerometer consist of a proof mass suspended for four springs
at the corner such that the mass undergoes displacement in response to exter-
nal vibrations. This allows displacement of combs attached to the proof mass
and result in sense gap variations with respect to fixed combs attached to the
substrate. A measure of this sense gap variations determine the acceleration of
the external vibration. A conventional accelerometer is schematically illustrated
in Fig.2. The resonant frequency of the structure is 5.76 kHz and has a static
displacement sensitivity of 6.76 nm/g. This results in a nominal capacitance
of 9.0169pF /g and differential capacitance change of 6.095fF/g. The detailed
dimensions of the accelerometer is shown in Table 1.

2.2 Accelerometer Employing Compliant Mechanism

Displacement amplifying mechanism provides an opportunity to improve the
sensitivity of an accelerometer without increasing the device footprint. The lay-
out of conventional and DaCM-based accelerometer is compared in Fig. 3. The
DaCM-based accelerometer comprised of proof-mass assembly, DaCM, and sense
combs. The proof-mass assembly drives the DaCM resulting in an amplified dis-
placement of the sense combs. DaCM is characterized by inherent geometrical
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Fig.2. A conventional accelerometer designed for a resonant frequency of 5.76 kHz
with a footprint area of 2mm x 3 mm

Table 1. Dimensions of conventional accelerometer

Dimensions

Proof mass 3000 pm x 480 pm
Spring 319pm X 7pm
Combs 760 pm X 7 pm
Sense gap 10 pm

Comb pairs 67 x 2

Thickness 100 pm
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Fig. 3. Illustration of DaCM-based accelerometer and a conventional accelerometer
having the same footprint [16]

amplification n = AA"“ and net amplification NA = "“‘ , where, A, is displace-
ment of the conventional accelerometer, A;, and Aout are the input and output
displacement of DaCM respectively.
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In literature, different compliant mechanisms have been reported. They have
been implemented for technologies requiring ultra-high precision motion gener-
ation, such as scanning probe microscopes, mechanisms for nano-imprint lithog-
raphy, precision manufacturing, cell manipulation, micro- grippers and optical
steering mechanisms [12]. For applications like accelerometer, a higher net dis-
placement amplification is desired. In [11], Krishnan et al. have presented a
comparative study of the displacement amplification of different DaCM’s for
accelerometer application. The study shows that DaCM shown in Fig.4 has
relatively simple construction and a higher amplification [16]; and thus it is con-
sidered for analysis in this article. The two arms of the DaCM are fixed and
force Fj, is applied at the input node results in an input displacement of A,
and output displacement of A,,;.

Fout Ao

Fig. 4. Schematic of displacement amplifying compliant mechanism (DaCM). Here, a,
b,c,d, e, f,w, a, 3, and 0 are the dimensional parameters.

Analysis of DaCM: The kinematics and the elastic deformation of the
single-input-single-output compliant mechanisms can be expressed by the
spring-leverage (SL) model, shown in Fig.5, to account for its displacement-
amplification [11]. In this model, five parameters are defined to fully characterize
a compliant mechanism, i.e., input stiffness k.;, output stiffness k.., input mass
Mei, output mass my,, and inherent geometrical amplification n. Analytical solu-
tions to these parameters are challenging. Usually, finite element analysis (FEA)
is used to estimate these parameters. In the first FEA run, a known force Fj, is
applied, keeping F,,; = 0, to compute A;,1, and A,y The input stiffness ke;
and inherent geometrical amplification n is given as [11]

F;
kci - Ainl (1)
n— Aoutl (2)

Ainl
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Fig. 5. Spring-leverage model of compliant mechanism connected to actuator and
sense-mass-spring assembly. Here, k, and m, are stiffness and mass of actuator, whereas
kext and meqgt are stiffness and mass of the sense side. The DaCM parameters corre-
sponding to stiffness (kci, ko), inertial masses (i, Mco), and inherent geometrical
amplification n are also illustrated

In the next FEA run, a known force F,,; is applied, keeping F},, = 0, to compute
Ajna and Agyia. The output stiffness k., can be given as [11]

Fout

ko= ———
Aout2 - nAin2

3)
The estimation of input and out inertial masses of DaCM requires another FEA
run where the first and the second modal frequencies are computed. Referring to
Fig. 5, equations for modal frequencies are derived by first writing the Lagrangian
for the system and then applying the Euler-Lagrange (E-L) equations to get [17]

w2 o kci + ka + n2kco kezt + kco
B 2 (Mei +myg) 2 (Meo + Megt)

+ (kcz + ko + nzkco _ Eegt + Eeco )2 + (nkco)2
2 (mci + ma) 2 (mco + mext) (mco + memt) (mci + ma)
(1)
The input-output inertial masses of DaCM are estimated by solving Eq. (4)
for kg, = mg = kegt = Megr = 0. The above discussed method is followed to
estimate different parameters, i.e., n, ke;, keo, Mei, and me,, for the considered
DaCM (shown in Fig. 4) and is presented in Table 2.
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Table 2. Estimated parameters of the DaCM in Fig. 4

Parameters FEA run 1 FEA run 2
Ain 1.2757 nm 1.1937 nm
Aout 9.9732 nm 11.994 nm
Fin 9.81 x 4.188 x 107" N 9.81 x 5.025 x 107N
fi 8.437kHz

f2 10.567 kHz

n 7.81

kei 3217.24N/m

keo 184.35N/m

Mes 7.65 x 10 % kg
Meo 9.75 x 10~ " kg

3 Optimization of DaCM

The design of displacement amplifying mechanism needs to be optimized for
performance and footprint area. Further, feasibility of its fabrication using the
existing technology also needs to be ensured. The optimization function for max-
imization of A,,; can be defined as as a function of the geometrical parameters
as

ma’x(AO’Uft) = fun(a7b7 & d,67f70[,ﬂ79,UI) (5)

Constraints : w > Wmin (6)

Equation (5) is constrained by permissible beam width w,,,. The parametric
optimization function available with FEA software, i.e., Coventor, COMSOL,
IntelliSuite, can be used to study the variations of these parameters on A,,;.

Typically, DaCM is classified as inverting and non-inverting type. In non-
inverting type DaCM, A;, and A,,; have displacements in the same direction,
whereas it is in opposite directions for inverting DaCM. The DaCM in Fig. 4
is of non-inverting type. As shown in Fig.7, increasing the length of beam b
results in significant increase in 4A;,, and A,,;. However, for shorter beam length,
displacement of A,,; is reversed and DaCM becomes inverting. Thus, there is a
trade-off between the DaCM displacements, and footprint area for its realization.
The optimum dimensions of the different design parameters of DaCM estimated
using FEA analysis are a = 546 um, b = 1148 um, ¢ = 160 pm, d = 500 pm,
e=115pm, w = 7pm, o = 78.9°, B = 30°, and 6 = 121°.

The optimized dimensions, presented above, are considered as reference for
exploring the variations in design of DaCM as discussed below:
Curved beam: A curved microbeam with load across one end and fixed at other
acts as a geometric anti-spring (GAS) structure, i.e., spring with significantly
reduced stiffness. GAS has been incorporated in MEMS design to achieve higher
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sensitivity for MEMS accelerometer and gravimeter [6,15]. In this section, anal-
ysis is presented to optimize the considered DaCM by exploiting curved beam
based anti-spring geometry for beam a and b (see Fig.6(a)). A Bezier polygon
with quadratic function available in COMSOI] Multiphysics is used for design-
ing the curved beam. The curvature of beam a and b are varied by varying the
parameter ap and by, respectively, as shown in Table 3.

Table 3. Curvature of beam a and b with variations of a; and by,

ap, by (pm) 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190

Curvature ofbeama(mn"(%),in deg) 0 2.1 42 6.3 83 104 124 144 16.3 182 20.1 21.9 237 255 272 288 304 319 334 348

Curvature of beam b (tan™! %) indeg) 0 1 2 299 3.99 4.98 597 6.95 7.93 8.91 9.88 10.85 11.81 12.76 13.71 14.65 15.58 16.5 17.41 18.32

The variations of input and output displacements, i.e., A, Agye, of DaCM

with curved beams for an applied input boundary load is shown in Fig.6. As
shown in Fig. 6(b), 4;,, increases with increasing curvature of beam b, however,
it decreases with the curvature of beam a. This is because the anti-spring design
of beam b reduces its stiffness and allows larger displacement of A;,. Thus,
the combination of straight beam a and curved beam b have maximum A4;,
displacement. Further, it is also observed that A,,; increases significantly with
the curvature of beam b and remains nearly independent to the curvature of beam
a (see Fig.6c)). Thus, it can be argued replacing straight beam b with a curved
beam in the design of DaCM, shown in Fig. 4, increases the input and output
displacements. In addition to the input and output displacements, an important
parameter defined to characterize a DaCM is inherent geometrical amplification
n. It is defined as the ratio of A,y by A;,. Interestingly, a higher value of n
is observed for straight beams based design of DaCM, i.e., ap = by, = 0 (see
Fig.6(d)) ). However, A;, and A,,; are relatively less for straight beam based
design compared to the curved beam DaCM design. This is further evident from
the total displacement plot shown in Fig.6(e)). The curved beam based design
has higher total displacement, which is the sum of 4;, and A,,:. Thus, it can
be concluded that a higher inherent geometrical amplification should not be the
main criteria in the choice of DaCM as it does not guarantee a larger input-
output displacements.
Variations of curved beam design: Different variations of the curved beam
based DaCM have also been explored, i.e., inverted curved beam, and double
curved beam design. The inverted curved beam DaCM, shown in Fig.8(a) has
curvature of beam b in opposite direction to the curved beam DaCM. The double
curved beam design of DaCM is shown in Fig.8(c). This design is the combi-
nation of the curved and inverted curved DaCM design. For brevity, a detailed
analysis of inverted curved and double curved beam DaCM designs is not pre-
sented. However, in the next section, a comparative analysis of the designed
accelerometer using these designs are included.

In the next section, the design of accelerometer using compliant mechanism
is presented.
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Fig. 7. Displacements of A,,: and A;, with parametric variation of beam length b
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Fig. 8. Schematic of different DaCM designs: (a) Curved beam, (b) Inverted curved
beam and (c) Double curved beam design

4 Accelerometer Using Compliant Mechanism

The schematic of accelerometers with straight and curved beam based DaCM is
shown in Fig. 9. The accelerometer consists of a proof-mass of 1500 p.m x 1000 pm
suspended by springs of 700 wm x 7 wm for driving the compliant structure. The
amplified displacement A, drives the sense comb assembly resulting in larger
sense gap variations and sensitivity improvement. The sense gap of the combs
is 10 pm. The sense mass has a dimension of 1000 pm x 50 pm and is supported
by springs of 500 wm x 7pm. The proof mass and the sense mass have 68 and
38 pairs of electrodes, respectively, of size 600 wm x 7 wm. The thickness of the
structure considered for the analysis is 100 wm and the device footprint area is
2mm x 3 mm. The analysis considers polycrystalline silicon as structural material
with Young’s modulus of 160 GPa, density of 2330kg/m3.
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Fig. 9. Displacement sensitivity of (a) Straight beam DaCM, and (b) Curved beam
DaCM based accelerometer design for applied acceleration of 1g along Y-axis.
Accelerometer in (a) and (b) have resonant frequencies of 7.09kHz and 5.875kHz,
respectively, for the same dimensions
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Fig. 10. Displacement sensitivity of accelerometer with different DaCM, i.e., straight
beam, curved beam, inverted curved beam, and double curved beam, are compared for
and applied load of 1g

Figure 10 shows the comparison of the proof mass and the sense mass dis-
placement for the different compliant mechanism based accelerometers. These
displacements are estimated for an applied acceleration of 1g. Analysis shows
the straight beam DaCM has a sense mass displacement of 7.89 nm. The ampli-
fied sense mass displacement decreases with the curvature of the inverted curved
beam DaCM (Fig. 8(b)). However, for a curved beam design, the sense mass dis-
placement increases with the curvature of beam b. In case of the double curved
beam design, the sense mass displacement remains same with increasing the cur-
vature of the beams. Thus, it can be concluded that the curved beam DaCM
outperforms the other DaCM variants in terms of the amplified sense mass dis-
placement. Hence, it is preferred and considered for further analysis in the next
section.
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5 Results and Discussion

In this section, different parameters, i.e., modal frequencies, displacements
for applied acceleration, stress, non-linearity, and capacitance charges, of the
designed straight and curved beam DaCM based accelerometer are compared.

5.1 Modal Frequencies

The modal analysis of the accelerometer is carried out in CoventorWare. The
design with straight and curves beam DaCM have in-plane displacement with
the first modal frequency at 7.09kHz and 5.875kHz respectively. As the same
dimensions are considered for both designs, it is apparent that the curved beam
based DaCM reduces the overall stiffness of the design and thus results in res-
onant frequency reduction. The displacement sensitivity and modal frequencies
of the straight and curved beam DaCM based accelerometer is shown in Fig. 9.

5.2 Cross-Axis Sensitivity

Cross-axis sensitivity is a measure of output observed across one axis when
the acceleration is imposed on a different axis. The proposed accelerometer is
exposed to an acceleration of 1g, 10g, and 30¢g along Y-axis and the cross axis
sensitivity along X-axis and Z-axis are determined. The estimated cross-axis
sensitivity along X-axis and Y-axis are ~ 0.003% and ~ 0.005%, respectively,
for the sense mass displacement of both types of accelerometer. This suggests
that the curved beam based compliant design of does not contribute to the
cross-axis sensitivity.

5.3 Stress

The stress gradient in the accelerometer must be less than the yield strength
of the silicon. Typically, the yield strength of silicon is around 165 MPa [18].
The stress gradients shown in Fig. 11 is calculated for an applied body load of
100g. The straight beam and curved beam DaCM based accelerometer have a
maximum stress concentration of 11 MPa and 15 MPa respectively, which is less
compared to the yield stress of silicon. This ensures the reliable operation of the
designed accelerometer.

5.4 Non-linearity

The design of an accelerometer must ensure that the non-linearity in the dis-
placement of the movable masses are minimum over the range of their oper-
ation. A compliant mechanism based accelerometer must ensure that the both
the proof mass displacement and the amplified sense mass displacement are liner
the over desired range. The non-linearity is studied by estimating the deviations
in the displacement of the masses with reference to the extrapolated linear dis-
placement for varying acceleration. As shown in Fig. 12, the simulated and the
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Fig. 11. Stress analysis for an applied body load of 100g: (a) Straight beam, and (b)
Curved beam DaCM based accelerometer
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Fig. 12. Non-linearity in displacement of proof mass (PM, before amplification) and
sense mass (SM, after amplification) over applied acceleration: (a), (c¢) Straight beam,
and (b), (d) Curved beam based DaCM. The non-linearity is 1.345% and 2.739% for
straight and curved beam based accelerometer over a range of 100g
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linearly fitted displacement of the sense masses has a non-linearity of 1.345%
and 2.739% for straight and curved beam based accelerometer over a range of
100g. An increase in applied acceleration increases the displacement deviation
from the linear fit line and thus the non-linearity increases. This observed trend
is same for both straight beam and curved beam DaCM based accelerometer.

5.5 Capacitance

The proof mass has a smaller displacement, however it can accommodate a
larger comb pairs across its length. The proof mass has 68 comb pairs and can
be used for actuation purpose. The capacitive sensitivity of the proof mass comb
pairs are 1.2fF/g and 4.1{F /g respectively for the accelerometer with straight
beam and curved beam DaCM. Incorporating DaCM in the design amplifies the
output displacement of the sense mass. This allows larger capacitive sensitivity
for sense mass comb pairs. The considered design has a sense mass electrodes
count of 38. This gives the output capacitive sensitivity of 3.4 {F/g and 4.4{F /g
respectively for the sense mass comb pairs of the accelerometer with straight
beam and curved beam DaCM.

Table 4. Simulated parameters of accelerometers in Fig.9

Parameters Design in Fig.9(a) Design in Fig.9(b)
Resonant frequency, kHz 7.09 5.875

Input displacement sensitivity, nm/g 0.969 6.04
Output displacement sensitivity, nm/g 7.89 10.82
Geometrical amplification 8.14 1.79
Cross-axis sensitivity Sy x=0.003%, Sy z=0.005%
Stress at 100g, MPa 11 15
Non-linearity (%, for +100g) 1.345 2.739
Proof mass electrode nominal capacitance, pF 7.4383

Sense mass electrode nominal capacitance, pF 4.7694

6 Analysis of Fabrication Induced Variations

Silicon-on-insulator (SOI) based micro-fabrication is a four mask process, i.e.,
PAD METAL, SOI, TRENCH, and BLANKET METAL. The PAD METAL
mask is used to deposit a layer of 20 nm chrome and 500 nm gold on the silicon
and is used for interconnects. The patterning of silicon is carried out using SOI
mask layer. Accordingly, the silicon layer is etched out using DRIE (Dry reactive
ion etch) to realize the required geometry. Next, it is ensured that the designed
structure is properly released. This is ensured by removing the substrate and
oxide layer beneath the structure using the TRENCH mask. In the end, bond
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pads are realized using the BLANKET METAL mask. These bond pads are used
for electrical connections during the packaging of the fabricated devices.
Ideally, the etched silicon layer should have a steep vertical (orthogonal)
faces. Practically, the etched silicon faces are slanted. The slanting depends on
the thickness of the silicon layer. Typically, a 100 pm thick silicon layer has a
sidewall slanting angle of an order of 0.8° [19]. This results in non-uniform width
variations across the thickness of the silicon layer. As a result, the stiffness of
the springs used to suspend the proof mass is changed. The variation in stiffness
of the spring, induced due to the fabrication process, has a significant effect the
resonant frequencies and other performance parameters of the devices.

9.5 r T .
B Frequency for straight beam DaCM
9.04 @ Frequency for curved beam DaCM - b
1 ]
E 8.54 - ]
24 8.0 u 1
f— | °
2 7.5 . . |
2 ] °
Q 7.0 4
=S [ ]
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6.5 1 E
8 ] °
= 604 ]

00 02 04 06 08 1.0

Slant angle (deg)

Fig. 13. Effect of sidewall angle due to fabrication process on resonant frequency

7 Conclusion

Curved beam based displacement amplifying compliant mechanism, inspired
from the geometrical anti-spring design, has been explored in this article. A
detailed analysis of the curved beam DaCM is presented and compared to the
conventional straight beam DaCM. Despite having a lesser geometrical amplifi-
cation ratio, the curved beam DaCM has a larger sense mass displacement. This
is because of the lower input stiffness of the curved beam DaCM which allows a
lager proof mass displacement. Other variations of the curved beam DaCM, i.e.,
inverted curved beam, and double curve beam DaCM, are also studied and com-
pared. The curved beam DaCM design outperforms the other DaCM designs and
has a larger proof mass and the sense mass displacements. Further, a detailed
analysis of the complete accelerometer design using the curved beam DaCM
is also presented and different performance parameters like modal frequencies,
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cross-axis sensitivity, stress, and non-linearity are estimated. The effect of the
fabrication tolerances by considering the side-wall angle during dry reactive ion
etching is also studied. Analysis suggests that an increase in side-wall angle
increases the resonant frequency of the designed accelerometer. In future, we
plan to fabricate the designed accelerometer and characterize.
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