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ABSTRACT Capacitive sensors are efficient tools for biophysical force measurement, which is essential for the
exploration of cellular behavior. However, attention has been rarely given on the influences of external mechanical and
internal electrical interferences on capacitive sensors. In this work, a bionic swallow structure design norm was
developed for mechanical decoupling, and the influences of structural parameters on mechanical behavior were fully
analyzed and optimized. A bionic feather comb distribution strategy and a portable readout circuit were proposed for
eliminating electrostatic interferences. Electrostatic instability was evaluated, and electrostatic decoupling performance
was verified on the basis of a novel measurement method utilizing four complementary comb arrays and application-
specific integrated circuit readouts. An electrostatic pulling experiment showed that the bionic swallow structure hardly
moved by 0.770 nm, and the measurement error was less than 0.009% for the area-variant sensor and 1.118% for the
gap-variant sensor, which can be easily compensated in readouts. The proposed sensor also exhibited high resistance
against electrostatic rotation, and the resulting measurement error dropped below 0.751%. The rotation interferences
were less than 0.330 nm and (1.829 x 1077)°, which were 35 times smaller than those of the traditional differential one.
Based on the proposed bionic decoupling method, the fabricated sensor exhibited overwhelming capacitive sensitivity
values of 7.078 and 1.473 pF/um for gap-variant and area-variant devices, respectively, which were the highest among
the current devices. High immunity to mechanical disturbances was maintained simultaneously, i.e., less than 0.369%
and 0.058% of the sensor outputs for the gap-variant and area-variant devices, respectively, indicating its great
performance improvements over existing devices and feasibility in ultralow biomedical force measurement.

KEYWORDS micro-electro-mechanical system capacitive sensor, bionics, operation instability, mechanical and
electrical decoupling, biomedical force measurement

1 Introduction intracellular behavior is greatly affected by the properties

of intracellular organelles and components, wherein force
The exploration and modulation of cellular physiology information is measured for characterizing cellular
and functional mechanisms, such as metabolism [1], cell morphology [4] and biophysical properties, such as
motility [2], and gene expression [3], have recently drawn  Young’s modulus [5], stiffness [6], and viscosity [7].
considerable attention. Current studies showed that Precise force measurement also provides interaction
regulation between microtools and targeted cells for
Received July 15, 2022; accepted January 5, 2023 minimally invasive micromanipulation, such as cloning
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[8], drug delivery [9], and gene editing [10]. Benefiting
from easy mass production and integration with robotic
end effectors [11], numerous micro-electro-mechanical
system (MEMS) sensors on the basis of piezoresistors
[12,13], piezoelectric membranes [14,15], optical
detectors [16,17], and field-effect transistors [18,19] have
been proposed. Compared with the aforementioned coun-
terparts, the capacitive sensor has the following advan-
tages: high sensitivity derived from comb-structured
capacitive electrode plates [20]; direct integration with
application-specific integrated circuit (ASIC) readouts for
portable measurement [21]; operation without the stress
concentration of movable structures requiring extreme
geometry dimensions in piezoresistive and piezoelectric
devices, without fabrication difficulties and with rela-
tively low costs [22]. Substantial effort has been devoted
to improve the sensitivity and resolution of capacitive
sensors to detect ultralow force signals with strong
background noise from the biological environment.
Specifically, utilizing the flexible supporting flexures of
movable structures can directly decrease the deformation
stiffness and increase the sensitivity of the sensor. An
area-variant capacitive sensor supported by three
asymmetric buckling anti-springs was proposed and had
an improved force sensitivity of 27.29 aF/nN, but this
nonlinear buckling behavior only exists within a small
measurement range of 0.97 uN [23]. Narrowing the air
gap between comb plates is preferred for enhancing
capacitive output and sensitivity. A gap-variant capacitive
sensor with a 0.9 um air spacing was proposed [24]; its
capacitive sensitivity increased to 2.58 fF/nm, but its
measurement range and linearity deteriorated as the air
gap decreased. Numerous parallel-connected combs
within one chip unit have been incorporated in previous
practices. However, fabrication deviation and chip size
increased as the number of combs increased, and therapy
resulted in geometric inconsistency and reduced mea-
surement accuracy. Our group previously reported a
bionic capacitive sensor containing multiple internal
comb arrays, which had a compact chip size and
consistent comb geometry using a three-mask fabrication
process. These sensors had high force sensitivity values
of 528.76 and 98.54 aF/nN with resolutions of 0.44 and
0.98 nN for gap-variant [25] and area-variant devices
[26], respectively. The biological medium and intracel-
lular environment are complex [27,28]; hence, the
efficient loading along the sensing axis is normally
accompanied with surrounding mechanical interferences,
which can push movable combs and change their relative
position between paired fixed comb plates, and such
coupling loadings produce huge disturbances on the
sensor output [29]. For the typical laterally movable
structure in the aforementioned works [23-26], the planar
crosstalk can be largely eliminated by adopting
supporting beams with large stretch stiffness. However, a
strong mechanical coupling from the vertical loadings

exists. Traditionally, a thick supporting beam is adopted
to enhance the vertical bending stiffness. A gap-variant
capacitive sensor with straight beams of 50 um thickness
has been developed, and its coupling output from vertical
loadings reached 3.226% of the same lateral loading [30].
Folded springs with an increased thickness of 75 pm were
utilized, and an area-variant capacitive sensor with an
improved selectivity of 1.926% was developed [31].
However, the increased thickness inevitably reduced the
structure compliance along the sensing direction. The
deformation sensitivity was less than 0.933 fF/um for the
device [30] and 0.595 pF/um for the device [31]. To
solve this trade-off problem, a novel mechanical
decoupling approach was proposed. Compared with
previous works, the crosstalk coupling disturbances were
further eliminated by the optimization of a bionic
swallow geometry, and a much higher sensitivity and
linearity were simultaneously obtained in this work.
Capacitive response is measured with a subjected
voltage bias across comb pairs, and parasitic electrostatic
force pulls the movable combs toward the fixed one [32].
Previous practices adopted differential combs to generate
opposite electrostatic forces [33], which are unsuitable for
gap-variant devices, because the generated electrostatic
forces increase nonlinearly as a function of the remaining
air gap. Once the electrostatic force exceeds a certain
amplitude, the pull-in phenomenon, where the movable
and fixed comb plates are stuck, occurs [34]. On the basis
of the electrostatic stiffness softening effect, pull-in
voltage was measured as a reflection of mechanical loads
[35], which had an efficient sensitivity of 44.27 pV/nN
but with strong nonlinearity. In addition, a nulling
mechanism, in which additional comb actuators drive the
deformed movable combs back to the desired working
position, was introduced [36]. This mechanism had a
highly efficient sensitivity of 2.34 mV/nN but only
worked for a small-ranged force measurement under
230 nN. Except for the high requirement of precise
parameter estimation [37] and complicated control
circuits [38], the actuation force of the closed-loop
sensing schemes can probably produce uncontrollable
damage to fragile biological samples, and its position
adjustment process may break the stable contact between
the sensor probe and targets, leading to an unnecessary
slippery movement. Electrostatic moments derived from
differential combs can generate coupling rotation
movement, which results in operation instability but is
usually neglected in the aforementioned studies.
However, rare attention has been paid to these
electrostatic interferences in current studies. In this work,
a bionic electrostatic decoupling approach was proposed
for improving the capacitive sensor stability of MEMS.
For comparison with our previously reported work
[25,26], two new gap-variant and area-variant type
capacitive sensors with four complementary comb arrays
were proposed and fabricated. On the basis of these
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complementary comb arrays and portable ASIC readouts,
the electrostatic instability was comprehensively
analyzed, and the effectiveness of the underlying
mechanism of the proposed method was verified.

The main contributions of this work are summarized as
follows: First, a bionic swallow structure design norm
was developed for mechanical decoupling. The influences
of structural parameters on the mechanical behavior were
fully analyzed and optimized with the proposed
mechanical model and simulation. Second, operation
instability resulting from electrostatic pulling and rotation
was studied for gap-variant and area-variant devices. A
bionic feather comb distribution strategy and a portable
sensing circuit were proposed to eliminate electrostatic
interferences. Third, a novel measurement method
utilizing the four complementary comb arrays and ASIC
readouts was proposed to evaluate electrostatic instability
and verifying the electrostatic decoupling performance,
and the proposed approach was compared with traditional
differential combs. The bionic swallow structure hardly
moved by 0.770 nm for the electrostatic pulling of the
area-variant sensor, and the original measurement error
was less than 0.009% for the area-variant sensor and
1.118% for the gap-variant sensor, which can be easily
compensated in readouts. The proposed sensor also
exhibited high resistance against electrostatic rotation,
and the measurement error was less than 0.751%. The
rotation interferences were less than 0.330 nm and
(1.829 x 1077)°, which were 35 times smaller than those
of the traditional differential one. Fourth, mechanical
decoupling experiments were conducted by utilizing the
built robotic microscopy system. The fabricated sensor
showed high capacitive sensitivity values of 7.078 and
1.473 pF/um for gap-variant and area-variant devices,
respectively. High immunity to mechanical disturbances
was maintained simultaneously, taking less than 0.369%

Head

and 0.058% of the sensor outputs of the gap-variant and
area-variant devices, respectively.

The rest of this article is organized as follows. Section
2 introduces the proposed bionic swallow structure design
norm and structural optimization. Section 3 illustrates the
analysis of operation instability under electrostatic pulling
and rotation, and a bionic feather comb distribution
strategy and a portable ASIC readout were introduced in
this section. Section 4 presents the fabrication and
calibration of the proposed sensor, followed by the
mechanical and electrostatic decoupling experiments in
Section 5. Lastly, Section 6 draws the conclusions of this
study.

2 Mechanical decoupling approach
2.1 Bionic structure design

Through evolving morphological adaptations to air
turbulence available in moving winds, swallows can
maintain  high  aerodynamic  stability by the
soaring—gliding gesture, which is strongly comparable to
the interferences of ultralow force measurement in a
biomedical environment. Inspired by this novel but rarely
noticed observation, a bionic swallow structure is
proposed for capacitive sensors, as shown in Fig. 1.
Similar to the gliding swallow, two folded wings are
placed around the central body region with a tail end. The
sensing structure is floated in the air by the straight
beams, wherein four beams are located in the corner of
the wing region, and the resting two are mounted in the
tail region. The proposed sensing structure possesses a
beak in the front of the head region, where external loads
are applied. Specifically, the force along the sensing axis
v can push the swallow body and wing region laterally.

Gliding swallow

-

Fig. 1

Supporting beams

Schematic of the bionic swallow structure.
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The feather-shaped movable combs are integrated along

the swallow frame, constituting parallel capacitors with

el T,

the surrounding fixed combs C = , where ¢ is the

dielectric permittivity in air, and d, L., and T, are the
gap, overlapped length, and thickness of the comb pair,
respectively. During lateral movement, the air gap d
changes for the gap-variant type device, and the
overlapped length L. changes for the gap-variant type
device. When forces along the x and z axes are applied to
the sensor probe, the structure can also be involved in
vertical bending or planar rotation, changing the effective
L., T., and d, and producing unneglectable interferences
on capacitive output. Such mechanical coupling of the
proposed swallow structure remarkably relies on
geometry parameters, which were modeled and optimized
in the subsequent discussion.

2.2 Mechanical modeling and structural optimization

221
axis

Mechanical behavior under loadings along sensing

Forces along three axes were individually applied to the
sensor probe to analyze the mechanical behavior of the
proposed swallow structure, as shown in Fig. 2. The
sensing structure geometry was optimized in terms of its
coupling deformation. For the force along the y axis F,
shown in Fig.2(a), the supporting beams were bent
laterally under the reaction forces along the y axis Fj,
Foy, Foy, Fou, Foys, and Foe and the moments around the
v axis Moy, Moy, Moy, Mo, Moys, and M at six fixed
ends, and the bending deformation w, and angle J, can be
rewritten in terms of F,, and M, as

_ MOylle;, _ FOylL]?,

- , 1

"= 2EL T 6El M

5 _ MOylLb _ FOyL§ (2)
"= TEL  2EL

where E is the Young’s modulus of the structure material,
WT,

I, = —— is the moment inertia around the y axis of the

beam lateral section, W,, T, and L, are the beam width,
thickness, and length of the supporting beams,
respectively.

The swallow structure is considered a rigid body along
the y axis because of its larger stiffness compared with
that of the supporting beams. As a result, the six
supporting beams share identical reaction forces and
bending deformation but with zero bending angle J,.
Substituting 6, =0 into Egs. (1) and (2) yields
Fo,L; _ FoL;
2EL, 0" T 2EL
all forces along the y axis equates to zero, and the

MOyl =

respectively. The sum of

F
reaction force F,, equals Zy for supporting beams at the

wing and tail regions. The lateral translation of the
swallow structure is solely dependent on the beam size
and is illustrated as

3
Wy = o
T2E],

To obtain high flexibility along the sensing direction, a
narrow width, thin thickness, and long length are much
preferable for the supporting beams.

The sensing structure was geometrically modeled with
supporting beams of different sizes and simulated with
finite element analysis software, ANSYS, to verify the
theoretical analysis. Table 1 illustrates the adopted
geometry parameters of the swallow structure. In
consideration of the achievable fabrication accuracy, W,
and T, were fixed at 5 and 50 pum, respectively, and L,
was changed from 200 to 800 pm. Figure 3 illustrates the
structure deformation under 1 pN force along the y axis,
which was sampled along the outside frame of the wing
region. Consistent with the theoretical analysis, the
supporting beams exhibited the same bending behavior,

3)

(b)

Fig. 2 Schematic of the swallow structure under mechanical forces: (a) swallow structure under lateral force F, and (b) swallow

structure under vertical force F..
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and the swallow structure implemented a pure translation
movement, which presented a cubic increment from
1.625 to 104.270 nm for L, ranging from 200 to 800 pum.
The beam length L, was therefore set as 600 um for the
balance between low stiffness and fabrication integrity,
and the coupling deformation values along the x and z
axes were less than 0.018 and 0.003 nm, respectively,
which were negligible in comparison with its lateral
deformation of 43.939 nm.

2.2.2 Mechanical behavior under off-axis loadings

When the vertical force F. was applied to the sensor
probe, the swallow structure was deflected under a
combination of an equivalent force F. and the moment
around x axis M, = F!(Lyea + Loi), Where L., is the beak
probe length and L, is the offset distance between the
structure center and front frame of the head region, as
shown in Fig. 2(b). Similarly, F! pushed the swallow

Table 1 Geometric parameters of the proposed swallow structure
Parameters Value
Length of the supporting beams, Ly, 600 um
Width of the supporting beams, W}, 5 um
Thickness of the supporting beams, T}, 50 um
Length of the beak probe, Lyeax 2000 pm
Length of the swallow head region, Lpeaq 1500 um
Length of the swallow wing region, Lying 5000 pm
Length of the swallow body region, Lyoqy 3500 pm
Air gap of the tri-plate combs, dg1, dg> 3 um, 15 um
Air gap of the area-variant combs, dao 3 um

Overlapped length of the combs, Lc, 375 um @, 10 pm »

Thickness of the combs, T, 50 um

Notes. @ is for the gap-variant sensor; ®) is for the area-variant sensor.

0.14

0.12 -
g —
S 010 » 0f 200 pum
§ 0.08 = = Lb of 400 um
g —-+- L, of 600 um
&S 006F --v--L 0of 800 um
]
T S
g
<
= 0.02}

0 O 1 1 1 1 1
0 1000 2000 3000 4000 5000

Position/pum

(@

structure downward with a translation deformation w;,_ of
173 3

W, T,
= where I, = b b
T2EI

vertical section. As for the moment M,, the swallow
structure subjected to the reaction forces along the z axis
(Foz1, Fozy Fos, Fou, Fos, and Fis) and moments around
the z axis (M., M., Moz, Moy, My.s, and M) is rotated
around the x axis. The sum of all moments around the x
axis at the structure center is equal to zero and can be
expressed as

—Fo. Dy = Fou D+ Fo3 Dy + Foou Dy + Fos D3 + Fog D3 = A{‘ﬁ

Wy
—, and D; =
3 an 3

is the moment inertia of the beam

W

where D, = L,;— 5 D, = Lying — Lo —

W .
meg+Lm1—Loff—7b are the distances between the

supporting beam and the structure center, respectively,
Lycaa, Lying, and Ly are the lengths of the swallow head,
wing, and tail regions, respectively. We first assumed the
swallow structure as a rigid body; thus, the bending angle
at the joint end J, was zero for all beams. The rotation
bending deformation of beams w,, from M, follows the
relationships, wy, =wy,, Wiy, =wy, and wy . =wy,,
because of the geometric symmetry. Equation (4) can be
rewritten as follows in terms of bending deflection:

12EL 12EL 12EL M,
—3 PiWu, =~ PoWa, — —3D3WM,3 =5 (5)
Lb b b 2

The bending deflection of each beam is proportional to
its distance from the center and is expressed as

Wu, W, Wi,

= = . 6
D, D, D, ©)
Substituting Eq. (6) into Eq. (5) yields
L:D,M,
(M

Y S EL(D+ DE+ DY)

The swallow structure is easily involved in elastic

0.12 ;

2
o

" 0.08 -

0.06 | ‘Supporting oy

beam

=1

=]

=
T

<

S

[\
T

Lateral deformation w/um

OF =

200 300 400 500 600 700 800
Beam length L,/um
(b)

Fig. 3 Simulated vertical deformation wy under 1 pN of lateral force F,: (a) wy of the line along the outside frame of the wing region
under different beam length L, and (b) relationship between w, and beam length L.
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deformation wg(x,y) because of the large planar
dimension, which is a function of the tested planar
position (x,y). Thus, the total deformation under F.
should be the sum of w;., wy, , and wy. The bending defor-
mation along the z axis w., and w_; can be expressed as

FL LD,M, o @
= + + ) )
Y= el P uEL (DR pi e Dy | e ®)
F.L} LyD\M,
Wz +we(xs,y3),  (9)

"~ 7T2EL. 24EL(D}+D:+D?)
where (x;,y,) and (x3,y;) are the joint point positions of
the two neighboring supporting beams at the wing region.
For F. with a certain amplitude, the vertical deformation
is dependent on the equivalent moment M, and the planar
dimension of swallow structure, among which Ly, Lica,
and L., play dominant roles.

The sensing structure was modeled and simulated with
different beak lengths ranging from 100 to 3000 um, and
the resting geometry parameters were the same as those in
Table 1. Figure 4 shows the simulated relationship
between Ly, and the vertical deformation of the wing
outside the frame from point (x,,y;) to (x3,y;) under an F.
of 1 uN. For a short Ly, less than 500 um, the
deformation exhibited a straight-line profile as the
swallow wing was rotated around the x axis with small
elastic deflection. When L., exceeded 1000 um, the
swallow wing was bent vertically such that the
deformation dropped below zero and a curved transition
appeared at points in the wing end, which can compensate
for the positive deformation in the beginning, as shown in
Fig. 4(a). Positive and negative vertical deformation can
change the overlapped area of the combattached to the
swallow structure. The average deformation decreased
from 0.784 nm for L,.,= 100 pm to its lowest value of
0.491 nm for Ly = 1000 pm and then started to increase
as L. increased, as shown in Fig. 4(b). However, the

. —— Ly, 0f 100 um
0.0025 |, = Ly, of 500 um
o - - Ly 0f 1000 pm
g 00020 o Ly of 1500 um
= \-‘\\‘_\‘t Ly, of 2000 um
= 00015 - Loy, 0f 2500 pm
% 00010 L Ly 0f 3000 pm
E 0.0005 |
S
= (= . 3
8 e, L
5 -0.0005 | T ”
>
-0.0010 | .
000151 e

Position/pum

(a)

sensor with a large L., is favorable because its sensing
combs can be conveniently installed outside the narrow
space in biomedical applications. L., was set as 2000 um
in this design, and the average w. was 0.715 nm, which
was comparable with that under a small Ly, of 100 pm.

The influences of L. and L4, were then simulated
using an Ly, of 2000 pm. Figure 5(a) illustrates the
vertical deformation behavior along the three sampled
lines under an L., of 1500 pum. Line I along the
swallow body exhibited a smaller peak-to-peak vertical
deformation in comparison with Line_2 and Line_3 along
the inside and outside frames of the swallow wing,
respectively. The peak vertical deformation of the three
sampled lines decreased as Ly, increased, indicating that
the elastic deformation wg of the wing and body region
became moderate. The average deformation w. along
Line 2 and Line_3 rarely changed throughout the L4
range, whereas that of Line I decreased rapidly for Ly,
below 1500 um and became steady afterward, as shown
in Fig. 5(b). Thus, L,.q was set as 1500 pm to integrate
more number capacitive combs along the three sampled
lines in the swallow wing and body region. The average
vertical deformation of Line I, Line 2, and Line 3 were
0.366, 0.242, and 0.243 nm, which were less than 0.71%
of the lateral deformation w,. Compared with the comb
thickness T, of 50 pm, the vertical coupling interferences
on capacitor C is ignorable.

Given the high resistance against the suppression or
stretch of the straight supporting beams, the structure was
rarely deformed under the force along x axis F,. The
maximum deformation along x axis w, was 0.016 nm for
an F, of 1 uN, whereas the coupling deformation values
along the y and z axes were less than 0.015 nm and
0.040 pm, respectively. In other words, the effective
comb geometry and the capacitor C remains constant
under F.. The small coupling deformation can be further

0.0011

0.0010

0.0009 -

0.0008

0.0007

0.0006 -

0.0005

Average vertical deformation w./um

0.0004 -

00003 1 1 1 1 1 1 1 1 1 1 1 1 1
NN\ SN\ SN SN RN SN S\ SN
S Q4D A QA QA2 DA O

Beak length L., /um
(b)

Fig. 4 Simulated vertical deformation w, along the outer wing frame under different beak length Lye,y for 1 uN vertical force F.: (a) w;
of the line along the outside frame of the wing region and (b) calculated average w. for different beak lengths Lyc,y.
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Fig. 5 Simulated vertical deformation w, for 1 uN vertical force F.: (a) w;, of the three sample lines along the swallow body and wing
frame under an Lyg,q of 1500 um and (b) calculated average w, for different head lengths Lieag.

eliminated through differential sensing output for
capacitive sensors. Meanwhile, the proposed structure
exhibited high compliance along the sensing direction.
Compared with the existing devices, the decoupling
performance of the proposed structure was further
enhanced, and its force sensitivity was overwhelming,
which will be discussed in the subsequent experiments.

3 Electrostatic decoupling approach
3.1 Electrostatic pulling

In this work, the differential and tri-plate configurations
were utilized for area-variant and gap-variant devices, as
shown in Fig. 6. Even though the generated electrostatic
force along the x axis can hardly move the swallow
structure, the movable comb can be pulled toward the
fixed one by the force along the y axis. For the area-
variant devices, the pulling electrostatic force F., is
tangential to the comb plate and is expressed as

eT

FeazNa . 2, 10
Vi (10)

where N, is the number of area-variant combs, and V, is

M,

e

Mass

Differential configuration

the applied voltage bias between the comb plates. With
the geometric misalignment derived from fabrication
errors neglected, the tangential electrostatic forces in the
differential comb pair are equivalent but with opposite
charges during structure movement, and electrostatic
pulling can be completely canceled out in area-variant
combs.

For the gap-variant combs with tri-plate configuration,
the movable plate lies asymmetrically in the middle of the
two neighboring fixed plates. The efficient normal
electrostatic force F,, is a function of the comb position
and is expressed as

Fo =N, €L T, : 2 eL,T. 2 V2
2(dgl —Yo _Wy) 2(dg2 +y0 +W,)
SLCOTC 2 choTc 2
Vi, 1D

- 2Vat 2

2(dgl +yot Wy) 2(dg2 —Yo— Wy)

where N, is the number of gap-variant combs and y, is the

initial misalignment along the y axis. The system
dynamics under F, can be described as

miv, + e, + kyw, = F, + F, (12)

where m, c, and k, are the mass, damping, and stifthess of

the swallow structure, respectively, and w, and ¥, are the

M,
d,
d, 1%
/ »—+—El Mass pr—

Tri-plate configuration

Fig. 6 Comb configuration utilized for area-variant and gap-variant devices.
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first and second order derivative of w,. The swallow
structure is initially deformed under the normal
electrostatic force F,,. The pulling deformation can be
calculated as

(13)

In the quasistatic measurement under a constant loading
speed, Eq. (12) can be rewritten in terms of its derivative
with respect to w,:

k=N eL, T, ) el T, )
. ¢ (dgl —)’o - Wy)3 (dg2 + yO + Wy)3 !
eL,T, ) el T, V2 (14)

(dp=yo— Wy)3 ’

The electrostatic force F., increases as the voltage bias
V, increases, and the movable structure is balanced at a
new position with a larger w,. For a critical voltage over
Vi the derivative of F,, with respect to w, could be
larger than the stiffness k,, and the movable plate
approaches and finally contacts the fixed plate. V,,; can be
calculated as follows by substituting Eqgs. (11) and (14)
into Eq. (13) and neglecting the terms containing dg
based on the Shenjing formula [39]:

(dg1 +yo+ Wy)3 !

3
k[300+w,) -2, |
IN,eLo Tedy [30v0 +w,) + 2|

Vapi = (15)

which is largely dependent on the displacement w, and

k,
the stiffness ratio r= —. Figure 7(a) illustrates the

relationship between the calculated Vi and w, under
different » values. In this calculation, y, is 0.001 um; the
overlapped length L, and T, are 375 and 50 pm,
respectively; air gap d,; is 3 pum; structure stiffness k, is
22.75 N/m; and comb quantity N, is 330. For a zero

40 -
—=—V,0f 0.1V
35L —e V,0f04V
§ 3ol 0% Vaof07V
& —v=V,of LOV o
2 250 —
e —y—Y
Sl T 7
8
15t
Z a---h
g 10 a . a - ’
=
5k
- ——t— — - — - —® — —9
UL, T T T b

»
0 0.2 0.4 0.6 0.8 1.0
Displacement w /um

(a)

displacement w,, where no loading forces are applied, the
initial V,,; presents an increment from 1.66 to 3.33 V as r
increases from 0.034 to 0.136 N/m. However, the force
sensitivity deteriorates for a large k, and small N,. The
pull-in voltage V,,; decreases continuously from 2.35 to
1.03 V as structure displacement w, increases to 1 um at
an r of 0.068. Therefore, the voltage bias should be set
less than the minimum V,, throughout the structure
movement.

The measured force k,(y,+w,) is the sum of the
loading force F, and the electrostatic force F.. The
measurement error from the electrostatic force E, can be
calculated as

E Fe 16
eg ky(y() +W}*)_ch. ( )

The relationship between E., and w, is illustrated in
Fig. 7(b), where stiffness ratio » is 0.068 and V, changes
from 0.20 to 1.00 V. The calculation results demonstrate
that V, can considerably affect measurement accuracy.
For a large V, of 1 V, E, is 21.92% in the initial state and
reaches 29.42% as w, increases to 1 um. E,, decreases
below 3.77% and 0.23% during a 1 pm deformation for
the small V, values of 0.40 and 0.10 V, respectively.
Traditional capacitance-voltage converters require a high
V. of over 1 V for higher sensitivity, which is no longer
suitable for ultralow force sensing. A portable ASIC
readout with a bias scaling circuit is proposed to attenuate
this problem. The portable ASIC readout is discussed in
the subsequent sections, wherein the voltage bias V, can
be scaled down below 0.10 V, and the electrostatic
pulling interferences are thus well controlled.

3.2 Electrostatic rotation

The two opposite electrostatic forces in differential
configurations can generate a planar electrostatic moment

35 —=— 01 0.034 N/m
—eo— r0f0.068 N/m

3.0} - 4- r0f0.136 N/m
2
B 25¢F "
o ~
20t
=}
>
R= A
= 15
=
[

1.0 F

0.5 1 1 1 1 1 1

0 0.2 0.4 0.6 0.8 1.0
Displacement w,/um
(b)

Fig. 7 Electrostatic pulling of the gap-variant capacitive combs: (a) relationship between the calculated V,,; and displacement w, under
different stiffness ratio 7 and (b) relationship between the measurement error E¢g and displacement w, under different voltage biases V,.
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M., which can easily rotate the swallow structure because
of the low stiffness along the y axis, as shown in Fig. 7. In
traditional differential arrangements, the rotation can be
attenuated by increasing the structure stiffness or
reducing the dimension and quantity of integrated combs
but at the cost of force sensitivity. An asymmetric comb
array distribution strategy is proposed in this work, where
six feathered movable comb arrays are integrated along
Line 1, Line 2, and Line 3 inside both sides of the
swallow structure. The corresponding fixed comb arrays
were placed on the outside frame and two internal islands,
as shown in Fig. 8. The negative sensing arrays Cy;, Cxs,
and Cy; lie asymmetrically with respect to the structure
center and constitute three differential pairs with the
positive sensing arrays Cp;, Cp,, and Cp;. The resulting
rotation moment M, of negative or positive arrays can be
calculated as
1 1

Me = Fe(EWbody +Lc - ELCO)

1 3
+ Fe (EWbody + Wis + 3Lc - ELCO)

2

where Wioay, Wying, and W are the width of the swallow
body, wing, and the internal island region, respectively,
L. is the length of the combs, and F is the general pulling
electrostatic force in each comb array. The coupling
rotation can be eliminated if the swallow body width
follows the relationship,

Wbody = 2VVWing + 2Lc - Lc0~ (18)

The electrostatic coupling interferences can be
eliminated by the following connection scheme: The

1 5
_Fe(_Wbody+W/is+Wwing+5Lc_ ELC0)5 (17)

comb pads of the negative arrays Cy,, Cy,;, and Cy; are
connected in parallel to the common pad PADy, and the
comb pads of the positive arrays Cp;, Cpy, and Cpz are
connected to PADp, which share the same voltage bias
with the excitation pad PADgxc in the movable structure.
Four complementary comb arrays, namely, Cc;, Cc,, Ces,
and C, have been integrated at the corners of the
swallow structure to investigate the decoupling perfor-
mance. Specifically, electrostatic pulling deformation can
be measured with the differential output between the sum
of the front comb arrays (C¢, +Cc,) and back arrays
(Ccs + Cqy). Electrostatic rotation can be measured by
utilizing the differential output of the two cater-cornered
arrays, (C¢;+Cc;) and (Ce, +Cqy), as discussed in the
next sections in detail.

4 Sensor preparation
4.1 Sensor fabrication

The proposed swallow capacitive sensor was fabricated
using a four-inch silicon-on-insulator (SOI) wafer. The
detailed three-mask fabrication process was reported in
our previous works [25,26]. Figure 9 illustrates the
microscopic observation of the fabricated gap-variant and
area-variant sensors. The small geometric deviations that
resulted from internal strain and manufacturing accuracy
were observed and calibrated. Specifically, the area-
variant sensor had air gaps of 3.33 and 14.73 pm for the
asymmetric tri-plate configuration; the air gaps of the
area-variant comb and complementary combs were 3.23
and 2.91 pm, respectively; and no comb stitching was
observed. The beak probe had a step profile, and the
width and length of its end effector were 2.46 and

Fig. 8 Schematic of the proposed swallow structure.
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Fig. 9 Optical pictures of the fabricated gap-variant and area-variant type sensors.

19.15 pm, respectively. The movable swallow structure
floated through the supporting beams with a measured
width of 4.81 pm. Several stoppers were placed in the tail
and head regions to limit excessive loading and protect
the device.

4.2 Sensor readouts

The fabricated sensor was then packaged on a customized
print circuit board (PCB), where a 24-bit ASIC chip
(AD7746, Analog Devices) with a resolution of 4 aF and
a measurement range of +21 pF was connected with the
sensor combs for converting capacitance change into
digital output. The positive and negative arrays were
connected to the chip input pads C;, and Cj_,
respectively, which had the same voltage potential during
operation. The AC excitation voltages, Vixca and Vexcs,
of the AD7746 chip were inverted, and their range was
from —1.6 to +1.6 V, which probably resulted in
electrostatic pull-in and produced substantial measure-
ment error Ee, for gap-variant devices. Therefore, a bias-
scaling circuit was proposed and integrated inside the

PCB, as shown in Fig. 10. The excitation voltage bias can
R +R,

R —Ry
where parallel-connected R, and R, are the scaling
resistors. Two frequency decoupling capacitors Cy and
Cy, were connected to the power supply electrode V. of
the amplifier (AD8515, Analog Devices) for frequency
decoupling. For area-variant devices, electrostatic pulling
forces were constant and canceled out through differential
configuration; thus, the movable comb pad was directly
applied with a Vgxcy of £1.60 V.

be scaled into Vpxc with a scaling factor R of

5 Decoupling experiments

The four complementary comb arrays were first
calibrated using a robotic microscopy system. On the
basis of the calibrated differential output of these arrays
and the proposed novel measurement readout, the
electrostatic operation instability was measured, indi-
cating that the electrostatic pulling and rotation
interferences of the fabricated sensors were largely

Differential
output
ouT——°

+].
EDDF 60V AD7746

EXCA

EXCB
VDD—o V,

ce

GND—"

Fig. 10 Application-specific integrated circuit readouts integrated with a bias scaling circuit for the fabricated sensors of both types. The
red and blue lines indicate the connection of area-variant and gap-variant sensors.
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suppressed. Then, the mechanical decoupling experi-
ments were conducted. Compared with the existing
devices, the mechanical crosstalk was eliminated further,
and a much higher sensitivity was obtained in this work.
The detailed experimental results are discussed in the
subsequent sections.

5.1 Electrostatic decoupling experiments

5.1.1 Complementary comb calibration

The sensing ability of four complementary comb arrays
was calibrated before the electrostatic pulling experi-
ments using a laboratory-built robotic microscopy
system, as shown in Fig. 11. The packaged sensor was
mounted on the manipulation stage through a 3D-printed
polymethyl methacrylate (PMMA) connector. The
manipulation stage incorporated a planar drive motor
(P611.2S, PI) with a high positioning resolution of 0.2 nm
and a vertical drive motor (XP-611.Z100S, XMT) with a
positioning resolution of 1 nm. The targeted objects can
be placed in the specimen stage, where a vertical drive
motor (P611.ZS, PI) with a high vertical accuracy of
0.2 nm was integrated. This system also comprised an
orthographic microscope module, which contains
multiple objective lenses and a charge coupled device
(CCD) camera (CS895CU, Thorlabs). The optical
observation was automatically sampled and restored with
the graphical user interface (GUI) inside the on-site
computer, and the two moving stages could also be
manipulated through the integrated closed-loop
controller.

Before the experiment, the heights of the sensor probe
and glass cube were alternately aligned into the focal
plane. The sensor probe was orientated and adjusted to be
perpendicular to the cube-side surface. The manipulation
stage was used to move the sensor probe to approach the
glass cube until an amplitude jump appeared on the
recorded capacitive signal with a sampling rate of 9.1 Hz,

readouts

Vibratien-isolation
Platform

which indicated that the sensor probe had fully contacted
the cube. The manipulation stage implemented step
movements with a size Ad of 200 nm and held on the
same position for the resting nine sampling moments. The
front complementary sensing comb arrays, C¢; and Ce,,
were in parallel connection with the connection pads
PAD¢, and PAD¢,, which were then connected to the pad
Ci+ of the AD7746 chip and constituted a differential
output with the connection pads PAD¢; and PAD¢, of the
parallel-connected arrays Cc; and Cgq. The capacitive
signals were measured for a total movement of 3 um, and
five repetitions were conducted to eliminate systematic
errors, as shown in Fig. 12. The differential output
[(Cei+Cey)—(Ces +Cey)] of both types exhibited
identical responses. The average capacitive sensitivity S,
of five repeats was 23.405 fF/um for the gap-variant
sensor and 23.253 fF/um for the area-variant sensor. The
change in capacitance also showed a linear change during
the whole movement range, and the average linearity was
larger than 0.9999 for both devices. The electrostatic
pulling deformation of the swallow sensor can be
accurately measured by the differential output
[(Ccr +Ccr) = (Cos + Cea)l.

5.1.2  Electrostatic pulling experiments

The electrostatic pulling behavior of the area-variant type
sensor was first studied. The four complementary comb
arrays were differentially connected to the AD7746 chip,
and the movable structure pad PADgxc was biased with
the original excitation voltage Vigxca of £1.60 V. A step
DC voltage bias V. was separately applied to the positive
pads i.e., PADp;, PADy,, and PADs;, and the negative pads,
ie, PADy, PADy,, and PAD,; to ecvaluate the
electrostatic pulling force of positive and negative arrays,
as shown in Fig. 13. The efficient bias V, across the comb
arrays should be a combination of the DC and AC voltage
bias. The swallow structure was pulled at a static position

Fig. 11 Experimental setups of the built robotic microscopy system. AFM: atomic force microscope, ASIC: application-specific
integrated circuit, CCD: charge coupled device, GUI: graphical user interface.
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Fig. 12 Differential capacitive signal of complementary comb arrays under step movements: change in capacitance of [(Ccj +Cc) —
(Cc3 +Ccy)] (a) for a movement with a step size of 200 nm and (b) during a total movement of 3 pm.
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Fig. 13 Interconnection schematic for electrostatic pulling experiments of the area-variant sensor.

by the DC bias V,. and then oscillated around this point
because of the AC bias. However, the clectrostatic force
of the area-variant sensor was relatively small for the
voltage bias of 1.60 V, and the DC bias became dominant
as Vg increased above 6.00 V. Therefore, the oscillation
resulting from AC pulling is negligible for that moment.
Figure 14(a) illustrates the change in capacitance of
[(Cei + Cey) — (Ces + Ces)] as V. increased above 15.00 V.
The capacitive output changed to 79.883 and 78.787 fF
for the positive and positive arrays, respectively. In
consideration of the capacitive sensitivity of the
complementary comb arrays, the efficient pulling
deformation values were 3.435 and 3.388 um. The
change in capacitance resulting from the electrostatic
forces in the two array groups performed linear responses
with the square of the applied voltage. This result
indicated that the swallow structure was only involved in
pulling translation instead of rotation. The pulling

deformation sensitivity values were 0.351 and 0.344
fF/V? for the positive and negative arrays, respectively.
The DC voltage bias V, was simultaneously applied to
the positive pads, i.e., PADp,, PADy,, and PADy;, and the
negative pads, i.e., PADy;, PADy;,, and PADy;, to simulate
the actual working condition. The electrostatic forces of
the two array groups were canceled out by the differential
configuration, as shown in Fig. 14(b). The capacitive
signal rarely changed but performed small-scaled
oscillation around the initial position because of the AC
components. The maximum change in -capacitance,
[(Cei +Ce) —(Ces + Ces)], was 0.460 fF as V. increased
above 15.00 V, and the largest pulling deformation was
about 19.782 nm. The maximum voltage bias across the
comb arrays was 1.60 V during sensor operation, and the
corresponding electrostatic pulling deformation should be
less than 0.770 nm considering the obtained pulling
deformation sensitivity, which is less than 0.008% for the
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sensor measurement range of 10 um. However, this
pulling deformation derived from fabrication asymmetry
remained constant during sensor operation and can be
directly compensated in the readouts.

Similarly, the positive and negative pads were
simultaneously biased with the V, to study the pull-in
behavior of the gap-variant device. However, the
movable structure pad, PADgxc, was connected to the bias
scaling circuit, where the excitation voltage Vexca was
reduced to £0.36 V to lower the AC oscillation instability,
as shown in Fig. 15. V. was gradually increased to avoid
structure instability in the damped system. The movable
combs snapped to the fixed ones once V,. reached the
pull-in voltage V,,, which was reflected by a capacitive
jump in the differential output of [(C¢i +Cey)—(Ces+
Ccy)]. In the initial state, V,, was measured as 3.248 V
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(=)
T

because of the geometric deviation y,. The sensor was
then deformed with a step size of 200 nm under the
robotic microscope. Figure 16(a) shows the measured V,;
at different deformation positions. V,, decreased to
1.720 V when the sensor deformation reached 1.0 pum.
The stiffness of the fabricated sensor was calibrated as
25.38 N/m, in accordance with the procedures in our
previous works [25,26]. With the extracted parameters
illustrated in Table 2, the theoretical curve from Eq. (15)
presents a close estimation of the measured V,,. The
measurement error E,, can also be estimated on the basis
of Eq. (16), as shown in Fig. 16(b). For the voltage bias
V, of £0.36 V, the maximum E,, was less than 1.118%
during the 1.0 pm deformation. Given that the
measurement error E,, had a small increase of 0.152 with
respect to its initial state, E,, can be easily compensated
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Fig. 14 Differential capacitive signal of complementary comb arrays under voltage bias: change in capacitance of [(Cci+Cc2)—
(Cc3 +Ccy)] for (a) voltage separately biased at the positive and negative arrays and (b) voltage simultaneously biased at the positive and

negative arrays.

PAD,, PAD,,
PAD
_BN]A |CC] CCZ I Cp] PADPI
PAD, PAD
1 Cu s C,, PAD,,
PAD
7Gx G, PAD,,
e | o
PAD,, PAD; AD7746
—ITL—{EXCA
Bias scali
TS S8 S TIEXCB | (Car+ C) — (Ces + Ced

ouT

“int

C

in—

Fig. 15 Interconnection schematic for electrostatic pull-in experiments of the gap-variant sensor.
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Fig. 16 Pull-in behavior of gap-variant sensor: (a) pull-in voltage V,p; under different deformation and (b) measurement error Eey under

different deformation.

Table 2 Extracted parameters of the proposed gap-variant sensor

Parameter Value
Efficient air gap of the combs, dy 3.90 um
Initial misalignment, yo 0.15 pm
Overlapped length of the combs, L, 375 um
Thickness of the combs, 7 50 um
Number of the combs, Ny 330
Stiffness along the y axis, k, 25.38 N/m

in the subsequent readout circuits. Electrostatic pulling
interferences of the proposed gap-variant sensor were
also well controlled.

5.1.3 Electrostatic rotation experiments

Once a certain voltage bias is applied, the electrostatic
moment can rotate the movable structure, which remains

constant for the area-variant device. For the gap-variant
device, the electrostatic moment increases continuously
during structure movement because electrostatic force is a
function of structure position. Hence, the area-variant
device was utilized to illustrate the rotation decoupling
effectiveness of the proposed bionic design. The
complementary comb arrays C¢; and C¢; showed opposite
deformation with the cater-cornered arrays Cc, and Ce,,
which were differentially connected to the readouts for
rotation measurement. We first examined the self-
decoupling performance of positive and negative comb
arrays, wherein a DC voltage bias V4. was separately
applied to the positive and negative pad the positive pads,
i.e., PADp;, PADy,, and PADy;, or the negative pads, i.e.,
PADy;, PADy,, and PADy; as shown in Fig. 17. The
differential output [(Cci+Ce;)—(Cey+Cey)] remained
because of the geometrical imperfections resulting from
fabrication errors, but the change in capacitance from the
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C ADy
PAD,, Gy, | Ca b | Cu PAD:
PAD,, G PADexc Cr'_r_:!z o
7] 22 |0 1
C C PAD;
PAD, P3 N3 |
P 3
| Ce, Ces | =
y PAD,, PAD;, AD7746
« M—EXCA
EXCB (Cer+ Cez) = (Cer + C)
o OouT °
r G-
Fig. 17 Interconnection schematic for electrostatic rotation experiments of the area-variant sensor.
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positive and negative electrostatic moments were less
than 1.281 and 0.521 fF, respectively, even for a Vj
larger than 15.00 V, as shown in Fig. 18(a). The rotation
deformation sensitivity values were 0.002 and 0.005
fF/V2 for the positive and negative arrays, respectively.
V.. was then simultaneously applied to the positive
pads, i.e., PADy;, PADy,, and PADy;, and negative pads,
i.e., PADy;, PADy,, and PADy; to simulate the actual
working condition. The change in capacitance oscillated
around 0.552 fF when Vg, reached 15.00 V, as shown in
Fig. 18(b). Assuming that [(C¢; +Cc;) — (Cey + Cey)] has
the same capacitive sensitivity as [(C¢j +Cc,) — (Ces+
Ccy)), the rotation deformation was 23.739 nm, and the
rotation angle was (4.115x1073)°. Given the derived
rotation deformation sensitivity, the rotation interferences
for a normal bias of 1.60 V in sensor operation should be
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less than (5.694 x 1077)° and 0.330 nm. When the sensor
is loaded under a 1 pN lateral force, the rotation
deformation was less than 0.751% of the structure
movement with a value of 43.939 nm. The gap-variant
sensor has the same comb distribution with the area-
variant type; therefore, the electrostatic rotation can be
canceled out among the three positive or negative comb
arrays.

The outside positive and negative arrays Cp, and Cy,
were biased with DC voltage bias V,, constituting a
traditional differential configuration for comparison
experiments, as shown in Fig. 19. The differential output
[(Coi +Ce3) —(Cey +Cey)]  increased linearly as Vi
increased and reached 6.560 fF at the V. of 15.00 V, as
shown in Fig. 20. The efficient change in capacitance was
19.68 fF for the sensor integrating the same comb
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Fig. 18 Electrostatic rotation behavior of area-variant sensor: change in capacitance of [(Ccj+Cc3)—(Cca+Cca)] for (a) voltage
separately biased at the positive and negative arrays and (b) voltage simultaneously biased at the positive and negative arrays.
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Interconnection schematic for electrostatic rotation experiments of the traditional differential configuration.
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quantity, the rotation deformation was 846.342 nm, and
the rotation angle can reach (1.467 x 1073)°, which was
35 times larger than that of the proposed sensor under the
same bias.

5.2 Mechanical decoupling experiments

The fabricated sensor was applied with the forces along
three axes to verify the mechanical decoupling
performance, as shown in Fig. 21. A rigid glass tube was
first assembled on the specimen stage, and loading force
F, was applied to the sensor probe once the sensor was
manipulated to compress the cube side surface following
the same procedures. Notably, a mirror reflection inside
the cube showed high symmetry with the sensor probe
about the cube side surface, indicating the interaction
force was solely from the y axis, as shown in Fig. 21(a).
Given the large stiffness difference between the sensor
and rigid glass. The glass cube was barely deformed, and
the interaction force F, was fully applied to the sensor
probe with a constant increment of k,Ad, as shown in
Fig. 22. The red curve in Fig.22(a) illustrates the
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Fig. 20 Change in capacitance of [(Cc)+Cc3)—(Cca+Cca)l
for voltage only biased at the outside positive and negative
arrays.
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capacitive change of the gap-variant sensor for a step
movement of 1 um, where the applied voltage bias was
scaled down to £0.36 V. The red curve in Fig. 22(c)
illustrates the capacitive change of the gap-variant sensor
for a step movement of 2 pum, but the voltage bias Vixc
applied to the area-variant devices remained at £0.36 V.
The capacitive signal presented a step profile during the
step movement of the manipulation stage. However, we
also found some small fluctuations in each step plane of
the recorded capacitive signal and stage position, which
resulted from the slippery interaction and environmental
oscillation. Figures 22(b) and 22(d) illustrate the relation-
ship between the average change in capacitance and
corresponding average stage position. The capacitive
signal of the area-variant device exhibited an increment
of 2.926 pF for 2 um deformation, and the capacitive
change of the gap-variant device reached 7.114 pF for
1 um deformation. The capacitive sensitivity under force
along y axis was calculated as the slope of the fitting line,
which was 7.078 pF/um with a linearity of 0.9996 for the
gap-variant device and 1.473 pF/um with a linearity of
0.9998 for the area-variant device. To the best of our
knowledge, the fabricated sensor exhibited the highest
sensitivity among the current devices.

The fabricated sensor was then applied with the forces
along the x and z axes to verify the mechanical
decoupling performance. Compared with the force
loading experiments along the y axis, the mounted sensor
was moved to compress an atomic force microscope
(AFM) cantilever (SNL-10, Bruker) at its base section.
The AFM base had a sharper indenter and a clearer
optical boundary than the previously adopted glass cube.
Thus, the interaction process between the sensor probe
and targeted AFM cantilever base was easily monitored
under microscopic observation, as shown in Figs. 21(b)
and 21(c). Moreover, the AFM cantilever base had a
thickness larger than 6000 pm, guaranteeing its high
resistivity against compression deformation along the y
axis and bending deformation along the z axis. Once the
sensor probe contacts the base, the stage movement can
also be fully converted into loading forces on the sensor
probe.

AFM
cantilever
base

AFM
cantilever

L Beak tip

Base profile

20 pm

(b)

Fig. 21 Experimental procedures of mechanical loading along three axes: (a) y axis loading with the glass cube, (b) loading along the x
axis with the AFM cantilever base, and (c) loading along z axis with the AFM cantilever base. AFM: atomic force microscope.
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In accordance with similar alignment procedures, the base along the x and z axes with a step size Ad of 200 nm.

sensor probe was manipulated to pull the AFM cantilever Figure 23 illustrates the capacitive change of the gap-
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variant and area-variant sensors under forces F, and F,.
Similar to the theoretical analysis, the swallow sensor
was rarely deflected under F,, as reflected by the blue
curves in both figures. The capacitive change exhibited
small fluctuations of 0.840 fF for the gap-variant device
under 1 pm lateral interferences and 0.383 fF for the area-
variant device under 2 pum lateral interferences, which
were only 0.012% and 0.013% for those devices under
the same loadings along the y axis, respectively. The
capacitive signal presented relatively larger responses for
vertical interferences. Specifically, the change in
capacitance increased to 26.257 fF for the gap-variant
device under 1 pum interferences and 1.694 fF for the
area-variant device under 2 um interferences. Compared
with the change in capacitance under y axis loadings, the
vertical crosstalk took less than 0.369% and 0.058% of
the sensor outputs. The bionic swallow structure design
can simultaneously guarantee high capacitive sensitivity
and mechanical decoupling performance.

5.3 Performance comparison and analysis

Based on the proposed bionic method, the fabricated
sensors improved its coupling immunity against
electrostatic and mechanical interferences, as shown in
Table 3 [23,24,30,31]. The electrostatic pulling was less
than 0.009% for the proposed gap-variant sensor, which
was identical to the area-variant capacitive devices in
current studies. However, rare attention has been paid to
the electrostatic interferences in gap-variant devices. In
this work, the electrostatic pulling behavior was
comprehensively analyzed using the proposed gap-variant
sensor, whose measurement error was 1.118% and can be
compensated in the following readouts. The electrostatic
rotation was calibrated for the first time, the proposed
sensors presented 35 times improvement compared with
the traditional differential capacitive sensors, and the
resulting measurement error was less than 0.751%. The
proposed method also improved mechanical decoupling
performance. Specifically, the planar and vertical
crosstalk was 0.012% and 0.058% for the proposed area-
variant sensor, which were much lower than the area-

Table 3 Performance comparison with existing devices [23,24,30,31]

variant device with the corresponding values of 8.116%
and 1.926%, respectively [31]. The proposed gap-variant
sensor exhibited a low planar crosstalk of 0.012% and
vertical crosstalk was 0.369%, which was about ninth of
the vertical crosstalk of the gap-variant sensor with a
value of 3.226% [30]. Given the excellent decoupling
ability, the proposed sensors possessed overwhelming
sensing performance in comparison with the existing
devices. The capacitive sensitivity was 1.473 pF/um for
the proposed area-variant sensor, which was 6.08 times
for the reported area-variant device with a value of
0.242 pF/um and 2.48 times for the device with the value
of 0.595 pF/um. As for the gap-variant device, the
capacitive sensitivity of the proposed sensor was 7.078
pF/um, which was 7.59 times for the device with the
value of 0.933 pF/um and 2.74 times for the device with
the value of 2.581 pF/um. High linearity was
simultaneously maintained, which was 0.9998 and 0.9996
for the proposed sensor of both types. Therefore, the so-
called trade-off problem between the coupling resistance
and sensing performance was delicately solved with the
proposed bionic method.

6 Conclusions

In this work, a bionic approach was developed for the
mechanical and electrical decoupling of capacitive
sensors. The influence of mechanical and electrostatic
interferences can be largely eliminated with the bionic
swallow structure and feather comb distribution strategy.
The electrostatic pulling of the area-variant sensor was
less than 0.770 nm, and the measurement error was less
than 0.009% for the area-variant sensor and 1.118% for
the gap-variant sensor. A high resistance against
electrostatic rotation was also achieved for the proposed
sensor, and the rotation interferences should be less than
0.330 nm and (5.694 x 1077)°, which were 35 times
smaller than those of the traditional differential sensor.
The measurement error from electrostatic rotation was
less than 0.751%. The fabricated sensor showed high
capacitive sensitivity of 7.078 and 1.473 pF/um along the

Previous CapacitiV.e serj?itivity Linearity Elect.ros*t{atic Electrosiatic Mechanical

works /(pF-pum™) pulling*/% rotation*/% crosstalk/%
Area-variant [23] 0.242 0.9997 N Y Na

Gap-variant [24] 2.581 0.9800 Y Y Na

Gap-variant [30] 0.001 Na Y Y 3.226 (vertical)
Area-variant [31] 0.595 0.9700 N Y 8.116 (planar); 1.926 (vertical)
Bionic area-variant (this work) 1.473 0.9998 0.009 0.751 0.013 (planar); 0.058 (vertical)
Bionic gap-variant (this work) 7.078 0.9996 1.118 0.751 0.012 (planar); 0.369 (vertical)

Notes. * “Y” indicates that the sensor suffers from the electrostatic coupling effect. “N” indicates that the sensor is insusceptible from the electrostatic coupling

effect.
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sensing direction for gap-variant and area-variant devices,
respectively, and the mechanical crosstalk produced less
than 0.369% and 0.058% of the sensor outputs for the

gap-variant

and

area-variant devices, respectively,

indicating the effectiveness of this approach for high-
resolution measurement in biomedical applications.

Nomenclature

Abbreviations

AFM
ASIC
CCD
GUI
MEMS
PCB
PMMA
SOI

Variables

c
C

Cct, Cea, Ccs, Cea
Cai, Car

Cint, Cin-
Cnis Cnzs Cns
Cp1, Cpa, Crp3
d

dao

dg1, dg

Ad

D\, D, D3

E

Eep

Foyis Fozi 1= 1,2,...,6)

Fe
Feas Feg

Fy, F,, F.

Atomic force microscope
Application-specific integrated circuit
Charge coupled device

Graphical user interface
Micro-electro-mechanical system
Print circuit board

Polymethyl methacrylate

Silicon-on-insulator

Damping of the swallow structure

Overlapped area of the comb capacitor
Complementary comb arrays

Frequency decoupling capacitors of the bias-
scaling circuit

Inputs of the ASIC chip

Negative sensing arrays

Positive sensing arrays

Gap of the combs

Initial gap of the area-variant combs

Air gap of the gap-variant combs

Step size of the manipulation stage movements
Distances between six supporting beams and the
structure center

Young’s modulus of the movable structure
Measurement error from the electrostatic force of
gap-variant device

Reaction forces along the y and z axis at the fixed
end of supporting beams, respectively

General pulling electrostatic force of comb arrays
Pulling electrostatic forces of the area- and gap-
variant comb arrays, respectively

Loading forces along the x, y, and z axis at the beak
tip, respectively

Equivalent force along the z axis at the structure

center

L, I
I3
Ly

Lbody> Lbcak

L.
LCO

Lheads Ltail, Lwing

Lofr

Line 1
Line 2

Line_3

M 0y» M 0z

PADG, (i=12,...4)
PADy; (i = 1,2.3)
PADp, (i = 1,2,3)
PADExc

Va

Vapi

Vee

Vae

Vexc

Vexca, Vexcs

WE

W,

Wy,

Moment inertia around the y and z axis of the beam
lateral section, respectively

Stiffness of the swallow structure

Length of the supporting beam

Lengths of the swallow body region and beak
probe, respectively

Length of the comb plate

Overlapped length of the combs

Lengths of the swallow head region, tail region,
and wing region, respectively

Offset distance between the structure center and
front frame of the head region

Sampling line along the swallow body

Sampling line along the inside frames of the
swallow wing

Sampling line along the outside frames of the
swallow wing

Mass of the swallow structure

Reaction moments around the y and z axis at the
fixed end of supporting beams, respectively

Planar electrostatic moment of comb arrays
Moment around the x axis derived from F,
Numbers of the area- and gap-variant combs,
respectively

Comb pads of the complementary sensing arrays
Comb pads of the negative sensing arrays

Comb pads of the positive sensing arrays

Excitation pad

Stiffness ratio

Scaling factor of the bias-scaling circuit

Scaling resistors of the bias-scaling circuit
Capacitive sensitivity of the complementary comb
arrays

Thickness of the supporting beam

Thickness of the combs

Applied voltage bias between the combs

Critical voltage applied to the gap-variant combs
Power supply of the ASIC chip

DC bias applied to the combs

Scaled excitation voltages of the ASIC chip
Excitation voltages of the ASIC chip

Elastic deformation along the z axis derived from
F;

Translation bending deformation along the z axis
derived from F,

Rotation bending deformation along the z axis

derived from M,
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Bending deformation along the x axis

Bending deformation along the y axis

First order derivative of w),

Second order derivative of w),

Bending deformation along the z axis

Width of the supporting beams

Widths of the swallow body region, island region,

and wing region, respectively

Y0 Initial misalignment of the asymmetrical gap-
variant combs

& Dielectric permittivity in air

dy Bending angle along the y axis
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