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This paper presents an angular-acceleration sensor that works as either an angular accelerometer or
a gravity gradiometer and is based on the micro electromechanical system (MEMS) technology.
The changes in the angle of the sensor mass are sensed by a rotational capacitive array transducer
that is formed by electrodes on both the stator and rotor dies of the flip-chip-bonded MEMS chip
(21mm x 12.5mm x I mm). The prototype was characterized, demonstrating a fundamental fre-
quency of 27 Hz, a quality factor of 230 in air, and a sensitivity of 6 mV/(rad/s?). The demonstrated
noise floor was less than 0.003 rad/s*/v/Hz within a bandwidth of 0.1 Hz to 10 Hz, which is compa-
rable with the conventional angular accelerometer and is better than the other reported MEMS sen-
sors in low-frequency ranges. The features of small size and low cost suggest that this MEMS
angular-acceleration sensor could be mounted on a drone, a satellite or even a Mars rover, and it is
promising to be used for monitoring angular accelerations, aiding seismic recording, mapping grav-
ity anomalies, and other geophysical applications for large-scale terrestrial and space deployments.
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Angular-acceleration sensors have broad applications
in geophysical fields. During oil and gas explorations, dril-
ling tools generally experience low-frequency torsional-
oscillation (LFTO) of less than 5Hz, which significantly
reduces the drilling efficiency and rate of penetration.
Therefore, angular-acceleration sensors are integrated to
improve the rotary steerable drilling system.' In seismic
records, the unwanted tilts caused by atmospheric or local
effects cannot be separated by a single seismometer because
of the equivalence of inertial and gravitational accelerations.
Angular-acceleration sensors are used to determine the tilt
angles for reducing the effects of sensitivity shifts of a broad-
band seismometer,” typically in a bandwidth of 0.01Hz to
10 Hz. In addition, a superconducting angular accelerometer
was demonstrated for implementing gravity gradiometry.® A
gravity gradiometer uses the gravity method* for oil and min-
eral exploration, crustal anomaly measurement, and archaeol-
ogy’ by determining the gravity gradient of the areas of
interest. A typical work bandwidth of a moving-base gravity
gradiometer is 0.001 Hz to 1 Hz.? Hence, angular-acceleration
sensors for those geophysical applications operate at frequen-
cies lower than 10 Hz. Conventionally machined sensors can
achieve lower fundamental frequencies for a better sensitivity
or response to low-frequency signals. However, for large-
scale deployments, cost-efficiency and power-efficiency have
to be considered. Hence, angular-acceleration sensors for
those geophysical applications require miniaturization and
batch fabrication.

Micro electromechanical system (MEMS) technology
offers the potential to miniaturize the instruments. MEMS-
based sensors have been widely used for automotive, con-
sumer electronics, and aerospace applications.® However,
MEMS sensors for geophysical applications are emerging in
the past two decades. MEMS seismic-grade accelerometers’*
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have been developed to determine the surface seismic waves
for either monitoring earthquakes or subsurface imaging oil
exploration using the seismic reflection method,'® including
the 0.2 ng/v/Hz short-period seismometer'"'? recently devel-
oped in our group as a contribution to NASA’s InSight Mars
mission. There are also several reported MEMS angular
accelerometers. !> However, all of them have fundamental
frequencies of several hundreds to thousands hertz, therefore
none of them have a low noise floor at lower frequencies.
This paper presents a MEMS angular-acceleration sensor that
works as either an angular accelerometer or a gravity gradi-
ometer, with a much lower fundamental frequency for geo-
physical applications.

Fig. 1 schematically shows the principle of the angular-
acceleration sensor. Two proof masses are symmetrically
connected at the ends of a massless solid bar that is sus-
pended by a rotary suspension. The suspension flexure that
allows in-plane rotations and rejects other translations and
rotations is anchored on the solid frame. When an angular
acceleration with an arbitrary rotation center is applied on
the sensor frame, a torque is generated about the pivot. This
torque is determined by the vector components of the inertial
forces along the directions that are perpendicular to the bar

(a) (b) Gravity
gradient

Ag/Az

ej
; a
Angular acceleration

FIG. 1. Principles of the angular-acceleration sensor working as (a) an angu-
lar accelerometer or (b) a gravity gradiometer; grey color represents solid
structures.
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and is independent of the rotation center.'® The torque can
be balanced by the deformation of the suspension flexure
with respect to a certain rotation angle which is sensed by a
rotational capacitive array transducer (RCAT). In addition,
due to the presence of the gravity gradient Ag/Az under a
gravitational field, a gravity gradient torque (GGT) is pro-
duced on the pivot by the difference of gravitational forces
applied on the masses that are at different spatial locations.
When the sensor frame is fixed on an inertial frame, this
GGT induced torsion-balance angle can be observed. The
sensor’s suspension design and dynamics are described in
the prior work.'” Using the same rotation transducer, the ver-
tical component of the gravity gradient tensor, I',., can be
determined. Hence, this angular-acceleration sensor can be
operated as either an angular accelerometer or a gravity
gradiometer.

Fig. 2 shows the cross-sectional view of the angular-
acceleration sensor with a chip size of 21 mm X 12.5 mm
x 1 mm. The sensor chip consists of the stator die on the bot-
tom and the rotor die on the top. The RCAT, which is a rota-
tional variation of the lateral capacitive array transducer
(LCAT) previously developed in our group, has periodic
electrodes with each electrode in a sector shape. The
differential-drive electrodes are located on the stator die,
while the pickup electrodes are on the rotor die. When there
are relative movements close to the null position of the
RCAT, changes in capacitance are proportionally to the rota-
tion angle and are then picked up by the proven front-end
circuit of the prior work."! The bootstrapping technology'®
has been applied to eliminate the effect of stray capacitors
by using guard electrodes, whose voltage potentials are
driven to be the same as the pickup electrodes, underneath
and opposite to the pickup electrodes. Both the stator and
rotor dies were implemented simultaneously by microfabri-
cations on the same 4-in. silicon wafer through four photo-
masks. First, a silicon wafer with an oxidation layer on top
was sputter-coated with 40nm/400nm Ti/Au layers that
were then patterned by photolithography and etched to form
the Metal 1 features. Then, a 1.2 um silicon dioxide layer
was coated by plasma enhanced chemical vapour deposition
(PECVD). Windows for interconnections between the Metal
1 and the Metal 2 layers were opened by reactive ion etching
(RIE) of silicon dioxide. Next, 40nm/5 um Ti/Au layers
were sputter-coated, electroplated, patterned, and etched to
form the Metal 2 and interconnections. Then, a through-wafer
deep reactive ion etching (DRIE) process was carried out to
form the mechanical structures and dicing-free features. In the

Oxide

Metal | === Metal 2 = Solder

== Silicon

FIG. 2. Cross-sectional sensor diagram when the RCAT is in its null
position.
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end, both the stator and rotor dies were singulated, paired, and
then bonded using flip-chip technology with an alignment
error of no larger than 0.06°. Then, the MEMS chip was cen-
trally glued on top of the front-end printed circuit board
(PCB) and the electrical connections were formed by wire-
bonding of gold wires to the fingers of the chip and the PCB
(30mm x 30mm). A 3D-printed case was installed on the
PCB for chip protection, as shown in Fig. 3. Then, the PCB
was connected to a conditioning circuit, and the prototype
was put into a metal box for suppressing electromagnetic
interferences.

When the MEMS chip works as an angular accelerome-
ter, it is sensitive to in-plane angular accelerations o, as shown
in Figs. 1 and 3. It can be seen as a second-order mass-spring-
damping system'® whose transfer function can be presented
as

0(s) 1 1

H =7 = = 1

aa(S> OC(S) S2+2S+ﬁ sZJr@erw(Z)’ ( )
1" 0

where 0 and o are the angular displacement and the angular
acceleration applied on the proof mass, k, and / are the
spring constant and the moment of inertia about the rotation
axis, and wy = 27nfy, b and Q are the angular fundamental
frequency, the damping factor and the quality factor of the
device, respectively. For signals with lower frequencies
(0 < W), Haa(s) =1/k,. When the sensor chip is fixed on
an inertial frame and the square masses are spatially sepa-
rated along the gravity vector, as shown in Fig. 3, the chip
works as a gravity gradiometer. In this case, the in-plane
GGT applied on the sensor is balanced by the deformation of
the suspension m(g; — g»)d sin 0y = k,A0, where A0 is the
in-plane angular displacement, 0 is the initial angle between
the mass-connection bar and the gravity vector, and d is a
half of the bar length, as illustrated in Fig. 1. The gravity gra-
dient can be determined by Ag/Az = k,A0/(md” sin20,),
where z-axis is parallel to the gravity vector, as shown in
Fig. 1. The sensitivity of the gradiometer is maximized when
0o is equal to 45°, and is less affected by angular misalign-
ments since sine-function has slower slopes at inflection
points. In this case, this gradiometer chip has a larger instal-
lation misalignment tolerance. For lower frequencies
(0 < my), the transfer function of the gravity gradiometer is
Hge(s) = md? /k,. The angular displacements of both cases
can be sensed by the RCAT and conditioned by corresponding
circuits with an output in voltages. However, in a non-inertial
frame, the angular displacement of the gravity gradiometer

FIG. 3. Front-end PCB (30 mm x 30 mm) with the MEMS chip on the top
and the front-end electronics at the bottom.
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will be interfered by angular accelerations. In order to solve
this issue, two identical gravity-gradiometer chips have to be
fixed in a solid frame with the sensing mass of each chip
orthogonally paired and the sensing plane of each chip paral-
leled. In this case, these two chips operate in differential-mode
to electrically reject the effect of external angular accelerations.
Assuming the bandwidth of the electrical system is much larger
than the sensor’s mechanical bandwidth, the overall transfer
functions of the angular accelerometer and the gravity gradiom-
eter are Tuu(5) = GerecHua(s) and  Too(s) = GerecH oo (),
respectively, where G, is the gain of the electrical system. In
order to characterize the developed angular-acceleration sensor,
several experiments were carried out below.

First, a ring-down experiment was carried out to deter-
mine the fundamental frequency and the quality factor of the
sensor by knocking the optical workbench on which the sen-
sor was mounted. Then, the proof mass was excited by angu-
lar accelerations of the workbench. Through the amplitude
decay features and fast Fourier transform (FFT) of the exper-
imental results, the fundamental frequency of the sensor was
worked out to be 27 Hz and the quality factor was 230 in air.

In order to determine the dynamic response of the proto-
type, a customized characterization platform was built up, as
shown in Fig. 4. This platform contains two subsystems: a
crank-rocker as the excitation and a pair of differential acceler-
ometers as the reference. The basis of a crank-rocker is a classic
four-bar linkage for transforming a continuous rotary motion
wap to angular oscillations ocp(f) = —P - w}, - sin(wagt),
where the constant P is determined by the geometry of the
four-bar linkage mechanism.”® A pair of off-the-shelf MEMS
accelerometers were mounted on the edges of the rocking plat-
form with a distance of r, from the central pivot. An instrumen-
tation amplifier was used to pickup the signals from the two
accelerometers. Considering the platform shakes with small
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FIG. 4. Experiment setup: (a) crank rocker; (b) differential-accelerometer;
(c) experiment platform.
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angles to provide a z-axis acceleration g(¢) at the edge of the
rocker, and the gravitational acceleration g, and the environ-
mental acceleration along z-axis 7 are exerted, the output of
the differential-accelerometer system is Vairrace () = (Vaces ()
—Vace— (t)) . Ginm where Va(‘(er(t) = Gacc : (Z + ra(xCD(t) + gO)
and vaee— (t) = Guee - (2 — raoep(t) + go) are outputs of the
accelerometers, G, is the flat gain of the accelerometers
within their bandwidth, G;,, is the gain of the instrumentation
amplifier. Hence, the actual angular acceleration of the crank
rocker can be determined by

(l‘) — M )

[078))) = .
Zra Ga(rcGina

The average gain of the accelerometers was calibrated to
120mV/g and the mismatching was approximately 6%, the
gain of the instrumentation amplifier was set to 10, and the
off-center distance of 10 cm. The angular-acceleration sensor
was accommodated on the characterization platform, as
shown in Fig. 4(c). The sensor was driven by a sinusoidal
carrier signal with a frequency of 20 kHz and an amplitude
of 8V peak-to-peak. The output of the angular-acceleration
sensor consists of two parts: one is the angular element with
a gain of G, and the other one is the translational element
with a gain of G;. The translational accelerations include the
environmental acceleration Z, the gravitational acceleration
8o, and the translational acceleration ry,0cp(f) which is
induced by the platform angular acceleration ocp(f) at the
location, where the angular-acceleration sensor is mounted,
I'ee away from the rotation center. Considering all the ele-
ments, the output of the sensor can be derived

Vaa(t) = Gy - acp(t) + Gr - (2 + rggoen(t) + o)
=acp(t)  (Gy + Grreg) + GL- (4 80).  (3)

Benefiting from the suspension design, the compliance with
respect to in-plane rotations is much larger than that of the
cross-axis translational motions, so there is G, > G. In this
case, for small off-center distances, the sensor output equa-
tion can be simplified as v, (f) = acp(r) - G,. When the
rocking frequency varied from 0.6 Hz to 2.1 Hz, the outputs
of this sensor were plotted with respect to the angular accel-
erations, as shown in Fig. 5. This prototype gave a linear
response to angular accelerations with a slope of 5.8 mV/
(rad/s®) which is equal to the angular gain G,.

120 :
£ 100 F y =15.8097x F3
£ 3 R2=10.9968 i"'
= 80 E e
g- —"—
3 60 ‘,.—l'
5 40 f "
= =%
3 20 F o9

0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

0 5 10 15

Angular acceleration (rad/s?)

FIG. 5. The voltage outputs of the angular-acceleration sensor in terms of
angular accelerations with a 6% error bar due to the mismatching of the
accelerometers.
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Apart from the frequency-sweep test, there is another
feasible approach to determine the transfer function of the
angular-acceleration sensor. During rocking at a lower fre-
quency, the crank rocker provided auxiliary angular acceler-
ations at higher frequencies due to the mechanical friction of
hinges. Both the differential-accelerometer and the angular-
acceleration sensor on the rocker coherently picked those
angular-acceleration signals up. The outputs of both systems
were fed into a FFT spectrum analyzer. As shown in Fig.
6(a), both the differential-accelerometer and the angular-
acceleration sensor have the peaks at the rocking frequency
of 0.6 Hz and higher frequencies. Recalling Equations (2)
and (3), the transfer function of the angular-acceleration sen-
sor can be worked out

Vaa(8)

T, =2r,GuecGing —————.
aa(s) TaUaccUina Vdiffacc(s)

“)

Hence, the transfer function can be determined by the voltage
ratio of the angular-acceleration sensor to the differential-
accelerometer times 27,GyGjnq- The spectrum analyzer was
programmed to display the amplitude of the angular-
acceleration sensor (F2) over the differential-accelerometer
(F1), as shown in Fig. 6(b). The amplitudes were flat and
equal to —12 dB below 10Hz and the roll-off slope for fre-
quencies higher than the fundamental frequency was —40 dB/
decade, which agrees with the analytical model that is a clas-
sic second-order system. Based on Equation (4), the ampli-
tude of the transfer function below 10Hz can be derived as
6.1 mV/(rad/s?), which agrees well with the angular gain G,
in the acceleration response experiment. In average, the sensi-
tivity of the angular-acceleration sensor is 6 mV/(rad/s?).

In addition, a preliminary noise test experiment was car-
ried out by putting the angular-acceleration sensor on an
active acceleration-free platform without any excitation. The
noise equivalent angular acceleration (NEAA) can be worked
out by the voltage output v,(s) over the transfer function of
the angular-acceleration sensor. As shown in Fig. 7, there is a
noise floor of 0.003 rad/sz/\/ﬁi within the bandwidth of 0.1
to 10Hz. Since the spectrum analyzer has a limited band-
width, the large slope curve at lower frequencies was artifi-
cial. The peaks around 5 Hz were highly possibly attributed to

(a) 1
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FIG. 6. Coherence sensing for determination of the transfer function.
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FIG. 7. Noise floor of the angular-acceleration sensor.

TABLE I. Performance comparison between this work and other angular
accelerometers.

Bandwidth Resolution Full range
Device Technology (Hz) (rad/s?) (rad/s?)
This work MEMS 0.1-10 0.003 200
Ref. 13 MEMS 60-200 0.003 .
Ref. 14 MEMS DC-250 1 350
Ref. 15 MEMS 30-800 2.5 200
Ref. 21 Servo DC-100 0.001 100

the accelerations of the building. Compared with other sensors
in Table I, this work has a comparable resolution with the con-
ventional angular sensor but better performance than other
MEMS sensors in low-frequency ranges, which is essential
for those geophysical applications less than 10 Hz bandwidth.

In conclusion, this paper demonstrated a MEMS angular-
acceleration sensor for low-frequency geophysical applica-
tions. This sensor can be a mechanical angular-accelerometer
with the rotation angle of the proof mass sensed by the
RCAT. Two orthogonally paired sensors are able to determine
a component of the gravity gradient tensor by electronically
reducing the effect of angular accelerations. The stator and
rotor dies of the MEMS chip were fabricated simultaneously
and then bonded face-to-face using flip-chip technology. The
chip was wire-bonded on the front-end PCB that was then
connected to the signal conditioning circuit. A ring-down
experiment was carried out, showing the sensor had a funda-
mental frequency of 27 Hz and a quality factor of 230 in air.
A customized characterization platform was built up to inves-
tigate the response to angular accelerations and the transfer
function of the sensor, both giving a sensitivity of 6 mV/(rad/
s?). A noise test experiment demonstrated a noise floor of
0.003 rad/s*/v/Hz within a bandwidth of 0.1Hz to 10Hz,
which is comparable with the conventional sensor and better
than other MEMS angular-acceleration sensors. The miniatur-
ized angular-acceleration sensor has a low cost, a high sensi-
tivity and a low noise floor at low frequencies, which opens
up the possibility of large-scale and economic deployments
for geophysical explorations on unmanned vehicles or as a
payload for space missions.
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