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Abstract: Driven by the demand for high-sensitivity, low-noise, low-power capacitive accelerometers in geological hazard detec-
tion, vibration monitoring and other application scenarios, this paper presents a novel triaxial capacitive accelerometer. Four
equal-height comb capacitors with unequal gaps are symmetrically arranged around the proof mass to sense the in-plane X- and
Y-axis acceleration. Two staggered seesaw structures are integrated into the proof mass. Four comb capacitors of uneven height
with identical gaps are arranged at each end of every seesaw to detect Z-axis acceleration. Its fabrication process is compatible
with that of in-plane comb capacitors, eliminating the temperature sensitivity and fabrication complexity inherent in conventional
sidewall capacitors. Theoretical calculations and finite element simulations show that the relative capacitance change (AC/Co)
reaches 15.8% for in-plane motion and 9.0% for out-of-plane motion under 2 g acceleration, while cross-axis sensitivity is less than
3%. The theoretical Brownian noise densities are 1.37ug/vHz for the X- and Y-axes, and 1.82ug/vHz for Z-axis. These results
demonstrate that the proposed accelerometer enables simultaneous detection of in-plane and out-of-plane accelerations with
high sensitivity and low cross-axis interference.
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Konstrukcijsko nacrtovanje in simulacijska ana-
liza enokomponentnega triosnega kapacitivnega
merilnika pospeska z eno preskusno maso, ki
temelji na dvojnih zamaknjenih nihalih

Izvle¢ek: Zaradi povprasevanja po visoko obcutljivih, nizkoSumnih in energetsko var¢nih kapacitivnih merilnikih pospeska za od-
krivanje geoloskih nevarnosti, spremljanje vibracij in druge scenarije uporabe, ¢lanek predstavlja nov triosni kapacitivni merilnik
pospeska. Stirje grebenasti kondenzatorji enake viine z neenakimi razmaki so simetri¢no razporejeni okoli preskusne mase za
zaznavanje pospeska v ravnini osi X in Y.V preskusno maso sta vgrajeni dve premaknjeni nihalni strukturi. Na vsakem koncu nihalne
strukture so razporejeni stirje grebenasti kondenzatorji neenake visine z enakimi razmaki za zaznavanje pospeska po osi Z. Njegov
proizvodni postopek je zdruzljiv s postopkom izdelave grebenastih kondenzatorjev v ravnini, kar odpravlja temperaturno obcu-
tljivost in zapletenost izdelave, znacilni za konvencionalne stranske kondenzatorje. Teoreti¢ni izra¢uni in simulacije s kon¢nimi
elementi kazejo, da relativna sprememba kapacitivnosti (AC/Co) pri pospesku 2 g doseze 15,8% za gibanje v ravnini in 9,0% za
gibanje izven ravnine, medtem ko je obcutljivost med osmi manjsa od 3%. Teoreti¢ne gostote Brownovega Suma znasajo 1,37
ug/VHz za osi X in Y ter 1,82 pg/VHz za os Z. Ti rezultati kazejo, da predlagani merilnik pospeika omogota sotasno zaznavanje
pospeskov v ravnini in izven ravnine z visoko obcutljivostjo in nizkimi motnjami med osmi.

Klju¢ne besede: MEMS; triosni kapacitivni merilnik pospeska; dvojni zamaknjeni vzmetni mehanizmi; grebenasti kondenzatorji
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[ Introduction

Low-range, low-noise, and low-power triaxial capaci-
tive accelerometers are in high demand for geological
hazard monitoring, vibration measurement, industrial
automatic control, and large-scale structural health
monitoring [1]-[3]. These devices commonly adopt
equal-height comb capacitors for in-plane (X- and Y-
axis) acceleration detection, where movable and fixed
comb fingers share the same height as the proof mass.
Under in-plane acceleration, the movable comb fingers
attached to the proof mass move synchronously,
changing the gap between adjacent fingers and thus
modulating the capacitance. The in-plane acceleration
can be determined by detecting such capacitance var-
iations [4]-[6]. Comb-type accelerometers fabricated by
surface micromachining show excellent compatibility
with standard integrated circuit (IC) processes, ena-
bling monolithic integration with capacitive readout
circuits. By applying silicon-on-insulator (SOI) [7]-[9] or
silicon-on-glass (SOG) [10], [11] technologies, the thick-
ness of the proof mass and height of the comb capaci-
tors can reach tens of micrometres, which effectively
suppresses thermomechanical noise.

In contrast, out-of-plane (Z-axis) acceleration sensing
remains a critical challenge. The first Z-axis sensing unit
adopts gap-modulated parallel-plate capacitors and
falls into two structural subtypes. In the first configura-
tion, parallel-plate capacitors are fixedly bonded to a
vertically translatable proof mass. Subjected to Z-axis
acceleration, the proof mass moves axially and modu-
lates capacitance by varying the electrode gap [12]-
[15]. For the second variant, movable electrodes are
fabricated on the bottom surface of a torsion-sus-
pended proof mass, whereas fixed electrodes are pat-
terned atop the underlying substrate. Z-axis accelera-
tion triggers torsional deflection of the proof mass and
consequent gap variation to realize signal acquisition
[16], [17]. Both structures are predominantly fabricated
by bulk micromachining; the proof mass is defined
across the full thickness of the silicon wafer to deliver
low thermomechanical noise. However, multi-step wa-
fer bonding is required in fabrication, which increases
the difficulty of monolithic integration.

The second Z-axis sensing unit employs unequal-
height comb capacitors attached to a linearly translat-
ing proof mass. It works based on acceleration-induced
changes in the overlapping area of comb fingers, yet
this structure suffers from low Z-axis sensitivity. As an
example, the Z-axis sensitivity of the accelerometer re-
ported by Xie et al. is merely 1/16 of its in-plane coun-
terpart [18]. Hamaguchi tried to match in-plane and
out-of-plane sensitivity, but the optimization sacrificed
in-plane performance, whose sensitivity drops to less
than 1% of Xie's result [19].

The third type adopts sidewall capacitors integrated
alongside both sides of the torsional suspended proof
mass. Z-axis acceleration is detected via variations in
the overlapping area of sidewall electrodes [20], [21].

Sidewall capacitors consist of stacked multilayer metal
and dielectric films. Electrodes with different metal-
layer thicknesses are arranged alternately on two sides
of the torsional structure to realize differential capaci-
tive readout. Sidewall-capacitor accelerometers suffer
from two major insufficiencies.

First, the devices exhibit severe temperature drift ow-
ing to mismatched thermal expansion coefficients be-
tween metal and dielectric films. Experimental results
from Qu et al. show that the measured structural tem-
perature coefficients of sensitivity are 304 ppm/°C for
in-plane axes and 800 ppm/°C for the out-of-plane axis,
while the overall system temperature drift including
circuit contribution reaches approximately 2850 [22]-
[24].

Second, the fabrication workflow features exceptional
complexity, demanding sequential cyclic thin-film dep-
osition and tight thickness control for every metal and
dielectric layer [25], [26].

To overcome the aforementioned drawbacks, this pa-
per presents a single-proof-mass triaxial capacitive ac-
celerometer based on dual staggered seesaw struc-
tures. Unequal-height comb capacitors with identical
initial gaps, arranged on both sides of two staggered
seesaws embedded inside the proof mass, are utilized
for Z-axis acceleration measurement. Torsional beams
mechanically isolate the seesaw assemblies from the
central proof mass and effectively restrain cross-axis
coupling between in-plane and out-of-plane direc-
tions. The fabrication process of the proposed device is
fully compatible with standard in-plane comb-capaci-
tor technology, avoiding the inherent large tempera-
ture drift and intricate fabrication of conventional side-
wall capacitors.

The present paper is organized as follows. Section 2 in-
troduces the structural configuration and geometric
parameters of the proposed accelerometer. Section 3
derives its stiffness, resonant frequency and Brownian
noise density. Section 4 analyzes its in-plane and
out-of-plane detection sensitivities. Section 5 evaluates
its cross-axis sensitivity. Section 6 conducts modal and
harmonic-response analyses. Section 7 describes the
corresponding fabrication process. Finally, Section 8
summarizes the main conclusions.

2 The Structure of Triaxial Capaci-
tive Accelerometers

Figure 1 depicts the structure of the proposed accel-
erometer. A proof mass is supported on the silicon sub-
strate by eight serpentine beams. Comb capacitors C;
and C; at the top and bottom sides of the proof mass
are used for X-axis acceleration detection, while C,; and
G2 on the leftand right sides detect Y-axis acceleration.
Each comb capacitor is structured with 48 pairs of
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comb fingers of identical height. A movable finger is
spaced from its two neighbouring fixed fingers by dis-
tinct gaps d; and d,, where d, equals four times d,.

Two staggered seesaw structures are embedded within
the proof mass. Each staggered seesaw structure with
saw-tooth comb fingers is mechanically decoupled
from the main proof mass for in-plane acceleration
sensing by a pair of torsional tether beams, and the two
pairs of beams jointly constitute the complete tether-
beam connection network. Four sets of comb capaci-
tors denoted C;;, G5, C3 and Cy4 are arranged on both
sides of these seesaws to sense Z-axis acceleration.
Every setis formed by 20 pairs of comb fingers differing
in height, with an identical gap d; separating movable
and fixed electrodes. The structural parameters are
summarized in Table 1.

Serpentine

Proof mass
4—spring beam

Cy2

» Staggered
seesaw

Anchor

TSR
LA RRRRRSRRRREE T

I BE BE

Figure 1: Schematic diagram of a triaxial capacitive ac-
celerometer based on two staggered seesaws.

Table 1: Parameters and their values.

Parameter Symbol | Value |
Thickness of the proof mass H 50um
Narrow gap of fingers d, 4.5um
Wider gap of fingers d, 18um
Height of lower fingers h; 25um
Height of higher fingers h, 50um
Length of span beams b 800um
Length of tail beams It 400um
Length of connecting beams Ic 40um
Length of X- and Y-axes fingers Lsx, Lsy |250um
Length of Z-axis fingers Lsz 300um
Mass of movable structure m 7569

3 Static and Dynamic Performance
of the Accelerometer

3.1 The Stiffness Coefficient of Elastic Beams

The serpentine elastic beam supports the proof mass
on the substrate. As shown in Figure 2, beams (1)-(6)
form a serpentine beam with 2 folded segments. Here,
I, w, b, I, and H denote the length of the connecting
beam, the width of each folded beam, the length of the
span beam, the length of the tail beam, and the beam
thickness. n represents the folding number of the ser-
pentine beam.

The elastic coefficients along the three axes of the ser-
pentine spring beam are calculated via Equations (1)-
(3). These formulas are standard simplified engineering
formulas directly provided in Fedder's analytical stiff-
ness model for serpentine flexures [27], valid for the
number of folded segments 4 < n < 20. Withn=15in
the proposed design, the stiffness calculation falls well
within the applicable range, ensuring reliable results.

_ 48El
oy = a?(a+byn3 )
_ 48Elz'b
ko = b2(3a+b)n (2)
48G]Jp

Fem = a?((GJp/Elxa)a+b)n 3)
Where J, denotes the mass moment of inertia of the
span beam, and G is the shear modulus of the material.
d is the moment of inertia and geometric correlation
coefficient, without unit and the calculation formula is
a=l,Xa/l,q I, and I, are the moments of inertia of the
connecting beams and the span beams relative to the
Z-axis, respectively. Substituting the parameters of
folded beams listed in Table 1 into (1)-(3) yields ky=2.73
N/m, k2= 1.40 N/m, k= 8.84 N/m.

It

k

J

Span beam

Connecting beam

Tail beam I

K.

I 1

Kn It

Figure 2: Serpentine beam with two folded segments.

As shown in Figure 1, the movable structure of the ac-
celerometer is supported on the upper surface of the
silicon substrate by eight serpentine springs. The
equivalent stiffness along the orthogonal X, Y, and Z di-
rections is K=K,=4(k.+ k;) =16.52 N/m. K,=8kn=70.72
N/m.

3.2 The Resonance Frequency of the Accelerometer

Resonant frequency is a critical dynamic performance
parameter of MEMS accelerometers. This parameter di-
rectly determines the device's operating bandwidth
and dynamic response characteristics. For a spring-
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mass system, the natural resonant frequency is funda-
mentally determined by the structural stiffness and
mass. The resonant frequency of the accelerometer is
expressed by the following equation [28]:

1 K;
2m\m

fi= 4
Where K; denotes the spring constant of the serpen-
tine spring beam in different directions. m denotes the
mass of movable structure. The calculated resonant fre-
quencies of the accelerometer are 743.95 Hz for the X-
and Y-axes, and 1554.02 Hz for the Z-axis.

3.3 The Brownian Noise Density of the Accelerom-
eter

Brownian noise (also known as thermal-mechanical
noise) is the fundamental noise floor of accelerometers.
It arises from the random thermal motion of air mole-
cules impinging on the proof mass, and represents the
theoretical lower limit of the accelerometer's detection
resolution. The Brownian noise density of the accel-
erometer is expressed by the following equation [24]:
1 8mkpTfi

Noise; = o8 X om

(5)

Where kp (1.380649x1072 J/K) is the Boltzmann con-
stant, T is the ambient temperature (taken as 300 K at
room temperature), fis the resonant frequency of each
axis calculated from Equation (4), and Q is the mechan-
ical quality factor. The calculated Brownian noise den-
sities of the accelerometer are 1.37 ug /v/Hz for the X-
and Y-axes, and 1.82 ug /v/Hz for the Z-axis. If the accel-
erometer is operated in vacuum, gas damping is
strongly reduced and the mechanical quality factor
Qincreases; according to Equation (5), the Brownian ac-
celeration-noise density therefore decreases. Never-
theless, intrinsic structural and anchor losses still give
rise to mechanical dissipation.

4 The Sensitivity of the Accelerome-
ter

4.1 The Detection Sensitivity of In-Plane Accelera-
tion

The in-plane acceleration is detected by equal-height
comb capacitors with unequal gaps around the four
sides of the proof mass. The comb capacitors at the top
and bottom sides of the proof mass are shown in Figure
3 (a) and (b), respectively.

The capacitances of two sets of comb electrodes with
initial gaps d; and d; are denoted as Cyr;and Cgy;, respec-
tively, where j=1, 2...,48. The initial capacitances Gy,
and Cy of the 48 parallel-connected comb-electrode
pairs located at the top and bottom sides of the proof
mass are identical. Therefore, the total initial capaci-
tance of the comb capacitors on the top and bottom

sides of the proof mass can be derived using the follow-
ing equation.
Cro = Cy10 + Cxpo = 2 X X2 (Cani + Cazi) =

1 1
48¢A (d—1 + Z) (6)
Where € denotes the relative permittivity of the dielec-
tric medium, and A is the overlapping area between the
facing comb fingers.

E]]dul Can da12
d2

di

1]

Fixed fingers (b)

Cu

Caz2 I:mI Cas I.inI 5
(a)
sz I ll I

Movable fingers

Figure 3: In-plane acceleration sensing comb capaci-
tors. (a) Top capacitors; (b) Bottom capacitors.

The initial gap d; of the comb fingers at the top side of
the proof mass decreases by Ad, while the initial gap d.
of the comb fingers at the bottom side increases by Ad
if subjected to X-axis acceleration along the negative
direction. Therefore, the total change of capacitance is

1 1
di—Ad  dy+Ad

ACy = ACyy + AC,, = 24¢A ’ ’ (7)

di+4d  dy-Ad

Since Ad/d;«<1, Ad/d,«<1 and d,= 4d;, the relative
change (yx) of capacitance of capacitors used for de-
tecting X-axis acceleration is given by the following
equation.

Ayyxx = 22X 100% = 2 - 2% X 100% (8)
1

Cxo

Finite-element simulations were performed for all
movable microstructures using the commercial soft-
ware ANSYS Workbench. To ensure the reliability of fi-
nite element results, a mesh sensitivity analysis was car-
ried out for the model. Four graded mesh levels were
established, and the convergence was evaluated by the
X-axis displacement and relative deviation. The de-
tailed data are listed in Table 2. With the 2% relative dif-
ference as the convergence threshold [29], the fine
mesh yields sufficiently convergent results and is thus
selected for all simulations.

The displacement contour plot of the movable struc-
ture under 2g X-axis acceleration from finite element
simulation is shown in Figure 4. The displacement of
the movable comb fingers along X-axis is 0.95 um. And
the relative change (y.«) of capacitance is calculated to
be 15.83% by (9). Thus, the ratio of y, to the input X-
axis acceleration is 7.92%/g.
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Table 2: The analysis results of mesh sensitivity.

Number of X-axis displace- Relative

nodes ment (um) change
Coarse 108561 0.8883 —
Medium |[243164 0.9362 5.39%
Fine 347980 0.9498 1.45%
Ultra-fine | 449810 0.9512 0.15%

Static Structural

Total Deformation

Type: Total Deformation
Unit: pm

Time: 1

2026/1/21/12:53

1457 Max ‘

7] 129 &

1.113
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0.971
0.809
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z : S
0.485 NN
0.323
g 0.162
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Figure 4: Displacement contour plot of the movable
structure under 2g X-axis acceleration.

The theoretical X-axis displacement under 2 g acceler-
ation is calculated as 0.91 um based on the equivalent
stiffness. This result yields a small relative error of 4.39%
compared with the finite element simulation result of
0.95 um, verifying the correctness of the accelerome-
ter's triaxial stiffness coefficients. The structure and de-
tection principle of comb capacitors used for detecting
Y-axis acceleration are basically the same as those used
for detecting X-axis acceleration. Similarly, applying a
Y-axis acceleration of 2g in simulation produces a 0.95
pum displacement of the movable comb fingers. The rel-
ative change (y,,) of capacitance is calculated to be
15.83%. Thus, the ratio of y,, to the input Y-axis acceler-
ation is calculated to be 7.92%/g.

4.2 The Detection Sensitivity of Out-of-Plane Ac-
celeration

Two staggered seesaws located within the proof mass
are used as sensitive elements to detect Z-axis acceler-
ation. Comb capacitors with unequal height are ar-
ranged on both sides of each seesaw. Figure 5(a) and
(b) depict the comb capacitors with unequal height on
the upper and lower seesaws. The height of the mova-
ble fingers on the left side is consistent with the thick-
ness of the proof mass and the height of the fixed fin-
gers is half of the thickness of the proof mass. The rela-
tionship of height between the fingers on the right side
is just the opposite.

Figure 6 (a) shows the motion of the upper seesaw un-
der positive Z-axis acceleration. The movable fingers
on the left side of the seesaw move along the positive
Z-axis, thereby reducing the overlapping area and re-
sulting in a reduction of capacitance C,; by AG;;. Simi-
larly, the movable fingers on the right side move along

the negative Z-axis, thereby reducing the overlapping
area and resulting in a reduction of capacitance C,; by
AC,,. Figure 6 (b) illustrates the motion of the lower see-
saw under positive Z-axis acceleration. The movable
fingers on the left side of

Czt Cz2
d di he
hl I
e
Movable fingers Fixed fingers
(a)
Cz3 Cz4
d di
Movable fingers (b) Fixed fingers

Figure 5: Capacitors of the two staggered seesaws. (a)
Comb capacitors of upper seesaw; (b) Comb capaci-
tors of lower seesaw.

Q:D..

Fixed fingers

Cz1

N

Movable fingers (a)
a Cz3 Cz4

Fixed fingers

Movable fingers (b)

Figure 6: Overlapping state of unequal height capaci-
tors under positive Z-axis acceleration.

the seesaw translate along the negative Z-axis, main-
taining a constant overlapping area so that the capaci-
tance G; remains unchanged. Similarly, the movable
fingers on the right side move along the positive Z-axis,
maintaining a constant overlapping area so that the ca-
pacitance C remains unchanged. Conversely, the ca-
pacitance variation under negative Z-axis acceleration
(Figure 7) is exactly opposite to that under positive
Z-axis acceleration (Figure 6). Specifically, the upper
seesaw exhibits no capacitance variation. The lower
seesaw shows capacitance reductions of AC,; and AC,4
for C;3 and C respectively. Table 3 summarizes the ca-
pacitance variation trends of the four capacitors under
positive and negative accelerations.
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Czi1 Cz2
di di
Z @
Movable fingers Fixed fingers
Cz3 Cz4
Movable fingers Fixed fingers

Figure 7: Overlapping state of unequal height capaci-
tors under negative Z-axis acceleration.

Table 3: The changing trend of the capacitance of the
four capacitors under £z acceleration.

Direction of Z-axis ac-

celeration
Positive l l — —
Negative — — l l

Taking the seesaw at the upper part of the proof mass
as an example, the detection sensitivity of Z-axis accel-
eration is quantitatively analysed as follows. Figure 8
shows the torsional motion of the seesaw under posi-
tive Z-axis acceleration. Here, 6 de notes the deflection
angle of the seesaw around thetorsion beam. Ly and
Ler denote the lengths of the right and left parts of the
seesaw. I, is the length of comb fingers. The arc lengths
swept out areSg = (Lyjgn + l5;) - 6 for the right end of
the right movable fingers and sq = Lyjgy, - 0 for the
right end of the proof mass.

The change in overlapping area between the right-side
movable comb fingers and the fixed comb fingers un-
der positive Z-axis acceleration is equal to the differ-
ence in area between two sectors of radii Lig: and
Lrigne+ls; subtending the same central angle 6. The re-
sulting change of capacitance can be expressed as fol-
lows.

ACrLght (5 AArLght)/d =& {5[(Lnght + lsz)
nght] 6}/d (9)

Where AA;qneis the change of the overlapping area be-
tween the movable comb fingers and the fixed comb
fingers on the right side of the seesaw under Z-axis pos-
itive acceleration.

Iz ) L.’eﬁ Lrighr lsz

Torsion beam ——»

Ss

- =il |

]sz Li'eﬁ

Figure 8: The torsional motion of the seesaw under Z-
axis positive acceleration.

Similarly, the change of capacitance caused by the
twisting motion of the left side of the seesaw at the up-
per part of the proof mass under Z-axis positive accel-
eration is

ACleft =é&- {5[(Lleft + lsz)z left] 9}/d (10)

This leads to an increase of ASzin the overlapping area
between the movable and fixed comb fingers on the
left side of the seesaw and a decrease of AS; on the
right side. These two changes cancel each other. Thus,
only the capacitance variation caused by the torsional
displacement of the seesaw needs to be considered in
the mechanism analysis. As mentioned previously, only
one of the two seesaw sensing units in the unequal-
height comb capacitor structure exhibits an effective
capacitance change under Z-axis acceleration, while
the other remains constant. Accordingly, the expres-
sion for the relative capacitance change rate (y.,) is

_ 50{|(Lrighet 1)L igne] +[ (Lien+1s2)? ~ L3.) }x100%
“ (Cz1+Cz2)d

11)

Figure 9 shows the displacement contour plot of the
movable structure under a 2 g Z-axis acceleration from
simulation analysis. The maximum deflection of the
movable fingers on the heavier side of the seesaws rel-
ative to the static state is 2.44 um, corresponding to a
rotation angle of 6 = 2.75x107° rad. By substituting it
into (11), the relative change (y.,) of capacitance is cal-
culated to be 9.0%. The ratio of y,, to the input Z-axis
acceleration is calculated to be 4.5%/g.



W. Cao et al.; Informacije MIDEM, Vol. 56, No. 2(2026), XX — XX

Static Structural

Total Deformation

Type: Total Deformation
Unit: pm

Time: 1

2026/1/20/16:34

2.756 Max.
2.452
2.144
1.837
1.531
1.225
— 0.919

Y X

Figure 9: Displacement contour plot of the movable
structure under 2g Z-axis acceleration.

In order to detect the magnitude and direction of ac-
celeration, the four comb capacitors can be connected
to form a Wheatstone bridge as shown in Figure 10. The
output voltage generated is given by the following
equation.

1 1 ,

Uo = (1+cz3/cz1 - 1+czz/cz4) Un sinwt (12)
As the capacitances of C,; and C, decrease under posi-
tive Z-axis acceleration while those of C; and Gy re-
main unchanged, (12) indicates that the output voltage
Up diminishes with increasing positive Z-axis accelera-
tion. Conversely, the capacitances of C;; and C, stay
constant while those of C;; and C.4 decrease under neg-
ative Z-axis acceleration; consequently, (12) shows that
the output voltage u, rises with increasing negative Z-
axis acceleration.

A A

B
® T
Umsin(wt) Umsin(wt)
(@) (b)

Figure 10: Displacement contour plot of the movable
structure under 2g Z-axis acceleration.

4.3 The Nonlinearity of the Accelerometer

The nonlinearity of the proposed triaxial capacitive ac-
celerometer mainly stems from the geometric nonline-
arity of the serpentine-flexure supporting structures.
When the proof mass deflects under applied accelera-
tion, the serpentine flexures undergo slight geometric
deformation, with axial-stress components developing
within the beams. These stresses introduce high-order
terms into the structural stiffness and cause a small de-
viation from the ideal linear displacement response.
The nonlinearity was characterized via quasi-static sim-
ulation over the operational range of +2 g, with the

large-deformation formulation activated to reproduce
the actual mechanical behavior.

T T
= X-axis Data
4 Y-axis Data
Z-axis Data
— X-axis Fit
-Y-axis Fit
Z-axis Fit
® Zero Point (Og, Opm)

(]

Output Displacement (um)
(=]

Note: X and Y curves overlap
due to symmetric structural design

o
T
|

2 15 -1 0.5 0 0.5 1 15 2
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01 b ———— —_— e e e e — =
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0.06 \‘:O,Ub 79%FS «X- aixs Error]
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Figure 11: Scale factor linearity characterization of the
triaxial accelerometer. (a) Output displacement re-
sponse versus applied acceleration. The solid lines

represent linear least-squares fits; (b) Nonlinearity er-

ror expressed as percentage of full-scale output.

Figure 11(a) depicts the simulated displacement re-
sponses of the movable comb fingers as a function of
applied acceleration along all three axes, where the
solid lines represent the linear least-squares fitting
curves. Figure 11(b) quantifies the nonlinearity error
expressed as a percentage of the full-scale output. The
nonlinearity of the accelerometer is exceptionally low:
0.054% FS for the X-axis, 0.057% FS for the Y-axis, and
0.044% FS for the Z-axis.

As shown in Figure 11, two significant features are evi-
dent. First, the near overlap of X- and Y-axis responses
in Figure 11(a) confirms the successful implementation
of the symmetric in-plane structural design. Second,
although visually amplified by the fine scale of the plot,
the nonlinearity errors are calculated to fall within a
narrow range of +0.057% FS, which is below the typical
performance threshold of +0.1% FS as marked by the
reference lines in Figure 11(b).

5 The Cross-Axis Sensitivity of the
Accelerometer
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Cross-axis sensitivity is defined as the ratio of an accel-
erometer's output when subjected to a lateral (off-axis)
acceleration to its output under an equal magnitude of
acceleration along the primary sensing axis.

5.1 Cross-Axis Sensitivity of X-Axis Detection Ca-
pacitors to Y-Axis Acceleration

The cross-axis sensitivity (6,) of the capacitors (Ca, Co)
used for detecting X-axis acceleration under Y-axis ac-
celeration is [30].

=Sy =A% _4 4
Oxy = Sur X 100% = & CroSen X 100% = 3L X
100% (13)

Where S is the ratio of relative change of capacitance
of capacitors (G, Co) to the input X-axis acceleration.
Sy is the ratio of relative change of capacitance of ca-
pacitors (Cy, Cy) to the input Y-axis acceleration. AC; is
the capacitance change of capacitors (G, Ce) under Y-
axis acceleration.

Substituting d; = 4.5 pm and /s, = 250 pum listed in Table
1 into (26) yields 64, = 2.40%. Similarly, the cross-axis
sensitivity 6,x of the capacitors (Cy1, Cy,) used for detect-
ing Y-axis acceleration under X-axis acceleration is cal-
culated to be 2.40%. The validity of the calculated
cross-axis sensitivity can be verified by finite element
simulation. Figure 12 shows the displacement contour
plot of the movable structure under a 2g Y-axis accel-
eration.

The movable comb fingers of the capacitors (Ca, Go)
have a displacement of 0.95 um along Y-axis, i.e., Ax, =
0.95 um. The cross-axis sensitivity () is calculated to
be 2.41%, which agrees with the theoretical analysis.
Similarly, simulation analysis confirms that the cross-
axis sensitivity of the capacitors (C,;, Cy,) used for de-
tecting Y-axis acceleration under X-axis acceleration is
Oyx =2.41%.
Static Structural
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Figure 12: Displacement contour plot of the movable
structure under 2g Y-axis acceleration.

5.2 Cross-Axis Sensitivity of Z-Axis Detection Ca-
pacitors to X-Axis Acceleration

In the proposed triaxial capacitive accelerometer, the
seesaws used for detecting Z-axis acceleration feature
different capacitance-variation behaviors under in-
plane accelerations. Under X-axis acceleration, the
overlapping area of the comb capacitors on both sides
of the seesaws varies, whereas the gap between the
comb capacitors changes under Y-axis acceleration.

As shown in Figure 13, the seesaw structure will move
in the negative X-axis direction under the action of pos-
itive X-axis acceleration. At this time, the overlap area
between the movable comb fingers on the left side of
the seesaw and the fixed comb fingers on their upper
and lower sides increases by AS;, resulting in an in-
crease of AG, in capacitance C,;. Conversely, the over-
lap area between the movable comb fingers on the
right side of the seesaw and the fixed comb fingers on
their upper and lower sides decreases by AS,, leading
to a decrease of AC,; in capacitance C.

Similarly, capacitance C; increases by AC,; and capaci-
tance G decreases by AG, under positive X-axis accel-
eration. The following relationship holds:

fo,y) =25 a(x? +y9) (14)

Since the four sets of capacitors (C.i, ., C3, C.4) used for
Z-axis acceleration detection have equal initial capaci-
tances, all denoted as C,, when an AC excitation voltage
(Umsinwt) is applied to the input terminals of the capac-
itive bridge, the corresponding output voltage u, ex-
pression (12) can be rewritten as:

1 1 .
to = (1+_CZ+sz1> - (1+_CZ‘sz1> Umsinwt ~ 0 (15)

Cz+Czx1 Cz=Czx1

Therefore, the output voltage u, is almost independent
of the X-axis acceleration, indicating that the cross-axis
sensitivity 6, of the comb capacitors (C,;, Gy, C3, Co) for
Z-axis acceleration detection in this capacitive accel-
erometer is close to zero under X-axis acceleration ex-
citation.

] Cz2

YL
z X T

Figure 13: Motion of the upper seesaw under X-axis
positive acceleration.

5.3 Cross-Axis Sensitivity of Z-Axis Detection Ca-
pacitors to Y-Axis Acceleration

The total capacitance of the left comb capacitors of the
seesaw located in the upper part of the proof mass con-
nected in parallel is ;. And the total capacitance of the
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right comb capacitors connected in parallel is C,. As
shown in Figure 14, the gap between the movable fin-
gers on the left side of the seesaw and the fixed fingers
on the lower side increases by Ad; under Y-axis positive
acceleration, resulting in a capacitance decrease of
AC,. The gap between the fixed fingers on its upper
side decreases by Ad,, resulting in a capacitance in-
crease of AG;..

Since Ad; = Ad,, AG,, = AG,y,. The total capacitance of
the comb capacitors on the left side of the seesaw con-
nected in parallel is

Czll = CZl - ACzyl + ACzyZ = CZ]. (16)

Similarly, it can be concluded that the total capacitance
of the parallel-connected comb capacitors on the right
side of the seesaw remains unchanged. Accordingly,
the total capacitance of the comb capacitors on both
sides of the seesaw remains constant under positive
and negative Y-axis acceleration, implying that the
cross-axis sensitivity 6, of the Z-axis acceleration de-
tection capacitors C;~C.4 is nearly zero under Y-axis ac-
celeration.

Figure 14: Torsional motion of the upper seesaw un-
der Y-axis positive acceleration.

5.4 Cross-Axis Sensitivity of In-Plane Detection
Capacitors to Z-Axis Acceleration

The cross-axis sensitivity (6x,) of the capacitors (Cy, C)
used for detecting the X-axis acceleration under the Z-
axis acceleration is

Syz A x,
Oyz = =— %X 100% = x 100%
Sxx xxhz
=4 4 K
=3 x X 100% (17)

The cross-axis sensitivity (6,,) of the capacitors (Cy1, C,»)
used for detecting the Y-axis acceleration under the Z-
axis acceleration is

s A
8y, = 2 X 100% = Yz o 100%

yz
Yy yy'“2
4 d K
=-.2.2x100% (18)
3 hy Ky

Substituting d; and h; listed in Table 1 into (17) and (18)
yields 8y, = 6,,=2.80%.

Figure 15 shows the front-view displacement contour
plot of the movable structure under a 2 g acceleration

obtained by finite element simulation. The movable
comb fingers of the capacitors (Cq, Ce2, G1 and Cp2) have
a displacement of 0.22 pm along the Z-axis. The cross-
axis sensitivities (dx-, 0,,) are calculated to be 2.79 % by
Eqgs. (17) and (18). The results of these simulations are
close to those of the theoretical analysis.
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Figure 15: Displacement contour plot of the movable
structure under 2g Z-axis acceleration.

6 Dynamic Analysis

6.1 Modal Analysis

Mode refers to the natural vibration characteristics of a
mechanical structure. Each mode corresponds to a spe-
cific vibration frequency and vibration mode. The vi-
bration modes and natural resonance frequencies of
each mode of the triaxial capacitive accelerometers can
be obtained through modal analysis, thereby under-
standing the response state of the accelerometer at dif-
ferent frequencies. Modal analysis was performed to
determine the first six vibration modes of the accel-
erometer, as shown in Figure 16.

Table 4 lists the corresponding natural frequencies of
each mode, where the 1st, 2nd, and 3rd modes repre-
sent translational vibrations along the Y-axis, X-axis,
and Z-axis, respectively, while the 4th, 5th, and 6th
modes correspond to rotational vibrations about the Z-
axis, Y-axis, and X-axis, respectively. The natural fre-
quencies of the Y-axis, X-axis, and Z-axis translational
modes from simulation are 766.53 Hz, 774.17 Hz, and
1478.35 Hz, respectively. For comparison, the theoreti-
cal natural frequencies calculated using Equations (4)
and (5) are 743.95 Hz for both X- and Y-axes and
1554.02 Hz for the Z-axis. The corresponding relative
errors between theoretical and simulated results are
3.04% for the Y-axis, 4.06% for the X-axis, and 4.87% for
the Z-axis. The good agreement between the theoreti-
cal and simulated results confirms the accuracy of the
derived resonant frequency equations.
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The second mode

The first mode
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Figure 16: The first six mode shapes of the triaxial ca-
pacitive accelerometer.

Table 4: The first six modal frequencies of the accel-
erometer.

Order  Frequency /Hz

766.53
77417
1478.35
1775.90
1811.30
2239.00

|| h[WIN|—

6.2 Harmonic Response Analysis

Based on the structural geometric parameters and gas
film damping theory, the damping coefficient of the
comb-drive accelerometer at standard atmospheric
pressure conditions is mainly derived from squeeze-
film damping and slide-flow damping. The calculation
formulas for the damping coefficient are as follows [31]:

UA

Cslide = a (19)

_12uLch®
quueeze - d3

(20)

Where u denotes the viscosity of air, A is the effective
area of the electrodes, L. is the electrode length, his the
electrode thickness and d is the gap of comb fingers.
Therefore, the damping ratios corresponding to the X
and Y axes are {, = {,, = 0.83. The quality factors cor-
responding to the Xand Y axesare Q, = Q,, = 1/2{ =
0.60.

The damping ratio of the torsion proof mass is [32]

_ J12uxpgxLi? ® woo [(16LiLy _
(z - ZJm_I(zgoz X i=1 ijl ( i2j2n4) X {L [1 +
. . Ly, 2
. 2 [(17‘[)2+ Jjr—= ]
(-1)i*1] (L_L+ l)} ( LW) i 21)
z rep?lyt (irr)2+(]'TTL_L)2]
Pag} Ly

Where p, is the gas pressure, go is the initial gap be-
tween the seesaw and substrate, w is the angular fre-
quency, i and j are summation integers (wherei=1, 2,
3...andj=1,3,5...), L is the length of the seesaw, Ly

is the width of the seesaw, [ is the distance from the ro-
tating shaft to the center of the seesaw.

Based on automatic control theory, the system yields
optimal dynamic characteristics when the damping ra-
tio is adjusted to 0.707. Under standard atmospheric
pressure, calculations via Equation (21) demonstrate
that the damping ratio of the Z-axis sensing unit
reaches the optimal value of 0.707 at an initial gap of
12.20 um and the quality factoris Q, = 1/2¢ = 0.707.

The harmonic response curves under 1 g acceleration
are illustrated in Figure 17. The amplitude frequency
responses of the accelerometer along all three axes
show a smooth and monotonically decreasing trend.
This is mainly attributed to the high structural damping
ratio, which effectively suppresses the resonance risk
under broadband excitation and avoids abrupt varia-
tions in amplitude.
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(@

Figure 17: The curve of amplitude-frequency charac-
teristic. (a) Frequency response under 1g X-axis accel-
eration; (b) Frequency response under 1g Y-axis accel-
eration; (c) Frequency response under 1g Z-axis accel-

eration.

7 Fabrication Process

To ensure the manufacturability of the proposed
comb-type accelerometer while avoiding anchor fail-
ure caused by lateral undercut in conventional SOI pro-
cesses, this chapter presents an optimized fabrication
process based on SOG bonding. The core of this ap-
proach involves pre-etching release cavities into the
glass substrate, which enables permanent anchoring of
fixed structures through bonding, thereby fundamen-
tally eliminating the aforementioned reliability issue.
The main process flow is illustrated in Figure 18. And
the specific process flow is as follows : (a) Preparation
and cleaning of silicon wafer; (b) Fabrication of groove
structures on glass substrate; (c) Anodic bonding of sil-
icon and glass; (d) Thinning of silicon wafer to a thick-
ness of 50 um; (e) First-time photoresist coating; (f) First
lithography for 25 um structure patterning; (g) Second-
time photoresist coating; (h) Second lithography for 25
pm structure patterning with release of movable struc-
tures.

8 Conclusion

This paper presents a novel triaxial accelerometer with
two staggered seesaws embedded in a single proof
mass, which is integrated with in-plane comb capaci-
tors. The proposed staggered dual-seesaw design
maintains good process compatibility with in-plane
comb capacitors, and avoids the drawbacks of tradi-
tional sidewall capacitors for out-of-plane Z-

I LT 1
(a) (e)
M i O e W oy W o W
[ I T T 1 [
(b)
6]
A A 1 A
T T 1 [ LT 1 [
(c) (g)
[]
i - 2 H =H§
(d) (h)

1 Glass [ Silicon [ Photoresist

Figure 18: Process flow diagram.

axis acceleration sensing. The proposed design has a
larger mass difference between the two sides of the
torsion beam compared with the centrally symmetric
dual-seesaw structure, which enables greater torsional
displacement and more obvious capacitance variation
under out-of-plane acceleration, thereby improving
the Z-axis detection sensitivity. As shown in Table 5, the
proposed accelerometer exhibits higher sensitivity
while maintaining low cross-axis sensitivity and noise
density compared with previously reported accelerom-
eters [6], [17], [18], [21], [28]. Accordingly, this accel-
erometer has the potential to be applied in scenarios
such as geological hazard detection, vibration monitor-
ing, industrial automatic control, and structural health
monitoring.
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