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² Achieved	longest	reported	ring-down	time	for	micro-shell	resonator	(259	s).
² Long	𝜏 enables	low	predicted	bias	instability	of	10–2 °/hr	(navigation	grade).
² Produced	low	as-fabricated	frequency	split	and	damping	mismatch.
² Enabled	repeatable	quality	factor	and	targeted	resonant	frequency.
² Achieved	high	quality	factor	resonators	by	optimizing	

rim	polishing,	blowtorch	motion,	and	molding	speed.
² Blowtorch	molding	is	rapid	and	versatile,	creates	3D	structures	with	

exotic	materials	not	possible	with	conventional	micromachining.

Overcoming Unique Fabrication Challenges
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A	rough	surface	results	in	low	Q,	likely	due	to	surface	losses.
Optimizing	the	temperature	profile	during	molding	improves	surface	quality.	
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In	2013	our	longest	ring-down	was	
8	seconds.	Fabrication	improvements	
led	to	a	>32× increase,	paving	the	way	
to	high-precision	micro-gyros.

Matched	wine-glass	mode	frequencies	
maximize	gyro	resolution	by	promoting	
drive	and	sense	mode	coupling.	Some	
electrical	compensation	is	also	possible.

Resonant	frequency	is	consistent.	
The	addition	of	a	protective	coating	
before	lapping	and	polishing	
improves	quality	factor	repeatability.

There	is	a	strong	correlation	between	
damping	mismatch	and	quality	factor.	
This	indicates	the	importance	of	symmetry,	
both	in	structure	and	surface	condition.
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Birdbath	Resonator	Generations

² Create	high-precision	micro-gyroscope	for	dead	reckoning	navigation.
² Use	exotic	high-Qmaterials	to	create	complex	3D	structures	

not	possible	with	conventional	microfabrication.
² Form	resonators	with	thermal	reflow	using	a	blowtorch	in	only	10	seconds.
² Achieve	long	ring-down	time	constant	(𝜏)	to	lower	

bias	instability	(B),	reducing	measurement	drift.
B	∝ 1/𝜏 [1]	
Q = π𝜏 f
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Micro-glassblowing process relies on viscous deformation of
the device layer under the influence of surface tension and
pressure forces to define the 3-D shell structure as opposed
to conventional deposition, molding, or etching techniques.
During the brief duration, while the device layer is still
viscous, surface tension forces act on the 3-D shell structure, at
an atomic level, to minimize surface roughness and structural
imperfections; this leads to levels of smoothness and structural
symmetry that is not available through conventional fabrication
techniques. In addition, current MEMS fabrication techniques
restrict the material choice to a few materials limiting the
maximum achievable Q-factor. Available materials, such as
single-crystal silicon, have relatively high Coefficient of Ther-
mal Expansion (CTE on the order of 3 ppm/°C [13]) and
consequently high Thermoelastic Dissipation (TED). Materials
with low CTE, such as fused silica (0.5 ppm/°C) or Ultra Low
Expansion Titania Silicate Glass (ULE TSG, 0.03 ppm/°C),
provide a dramatic increase in fundamental QTED limit. ULE
TSG is a glass that consists of SiO2 and TiO2; this engineered
material has the lowest known isotropic CTE. However, when
compared to silicon, titania silicate glass and fused silica dry
etching suffers from an order of magnitude higher surface
roughness, lower mask selectivity (1:1 for KMPR photoresist),
and lower aspect ratio, <6:1 [14]. Micro-glassblowing allows
the use of fused silica material on a wafer-level without the
need for these challenging dry etching techniques. Despite
these potential advantages, the 3-D micro-glassblowing par-
adigm brings forth challenges for electrode integration, due to
the high aspect ratio, aspherical resonator element, and high
temperature fabrication process (1700 °C). To address these
challenges we propose an out-of-plane electrode architecture.
Transduction is enabled by detecting and driving the spatial
modes of the 3-D wineglass resonator, which allows one to
drive and sense the wineglass modes using their out-of-plane
components.

Micro-glassblowing of borosilicate glass spherical shell
structures have been demonstrated for nuclear magnetic res-
onance applications [15]. Later, fused silica and ultra low
expansion glass micro-glassblowing of inverted-wineglass
structures have been demonstrated at temperatures as high as
1700 °C [12]. Assembled electrode structures [11], as well
as deep glass dry etched electrode structures have been
developed for electrostatic transduction of micro-glassblown
structures [9], [14]. Finite element analysis of the micro-
glassblowing process [16], and further improvement in the fab-
rication process led to frequency splits between the wineglass
modes (! f ) as low as 0.16 Hz on borosilicate glass wineglass
structures [9].

In this work, we report the most recent developments in
the wafer-level, micro-glassblowing paradigm for fabrication
of 1 million Q-factor, highly symmetric (! f/ f = 132 ppm)
fused silica wineglass resonators at 7 mm diameter, Fig 1.
And we demonstrate out-of-plane electrostatic transduction on
MEMS wineglass resonators with uniform 10 µm capacitive
gaps resulting in over 9 pF of active capacitance within the
device.

In the following sections, we will first present design
of out-of-plane architecture and discuss parameters affecting

Fig. 1. 1 million Q-factor fused silica wineglass structure with integrated
electrodes (left), close-up of capacitive gaps (right).

Fig. 2. Micro-glassblowing process can create arrays of inverted-wineglass
structures on the wafer surface. Outer diameter of shells is ∼4 mm, over
100 shells were fabricated on a 4” wafer.

Q-factor, Section II. This will be followed by analytical and
finite element models for predicting the final geometry of
the micro-glassblown structure, Section III. In Section IV,
we will present the fabrication process for fused silica wine-
glass resonators with out-of-plane electrodes. In Section V,
we will present frequency and time domain characterization of
wineglass resonators. The paper concludes with a discussion
of the results, Section VI.

II. DESIGN

Out-of-plane electrode architecture and parameters affecting
Q-factor are discussed in this section.

A. Out-of-Plane Electrode Architecture

Wineglass Coriolis Vibratory Gyroscopes (CVGs) typically
utilize 8 or more electrodes to drive and sense the primary
wineglass modes. One of the main challenges of fabricating
micro-wineglass resonators is the definition of electrode struc-
tures in a manner compatible with batch-fabrication, Fig. 2.
3-D side-walls of the wineglass geometry makes it challenging
to fabricate radial electrodes with small capacitive gaps and
to keep the gap uniform across the height of the structure.
Even though post-fabrication assembly techniques have been
successfully demonstrated [10], [11], these approaches create
a bottle-neck in batch-fabrication of the devices at wafer level.
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Figure 5: Fabricated MSR with T-shape masses. (a) Shell 
fabricated by whirling platform. (b) Resonator after 
released by femtosecond laser. (c) Resonator after 
metalized. (d) Resonator with out-of-plane electrodes 

 
Table 2. Radial error (RE.) of 4 resonator samples 

RE on the top   

RE on the middle

RE on the bottom
 

Sample 
RE on 
the top 
(μm) 

RE on the 
middle 
(μm) 

RE on the 
bottom 
(μm) 

Without 
whirling 

#1 105.23 90.21 50.36 

#2 110.39 92.52 54.62 

With 
whirling 

#3 6.83 6.32 7.69 

#4 6.08 6.83 8.12 
 
symmetry is intensively depending on a uniform 
temperature. However, it is a complicated process to 
control in micro blow-torching due to the airflow 
perturbation, align precise between mold and blow torch. 
The key features using whirling platform is proposed to the 
fabrication of MSR. FS is reshaped by micro 
blow-torching process with whirling platform at a high 
speed that improve the robustness of temperature for 
outside perturbation. Besides the shape of graphite mold is 
used to control the ultimate shape of FS shell (Figure 4a, 
Figure 4b). Then T-shape masses are released from shell 
through femtosecond laser ablation (Figure 4c). Finally, 
the metalized resonator is attached to the glass substrate 
patterned with electrodes (Figure 4c-Figure 4e). The 
fabricated structures in different stage of the process are 
shown in Figure 5. 
 
DEVICE CHARACTERIZATION 
Structure characterization  

Though graphite mold has been used to reshape FS, 
the surface quality of shell structure is not dominated by 
process precise of mold due to the shell touching the mold 
very lightly without receiving its texture. A sub-nanometer 
smooth surface quality (0.404 nm Ra) is tested using 

atomic force microscope (AFM) in a 5μm×5μm area. 
Radial error (RE) of 4 resonator samples is measured 

by roundness measuring instrument on different parts of 
shell. Samples #1, #2, are fabricated without rotation, #3 
and #4 are fabricated with high-speed rotation. The Shell 
fabricated with whirling platform demonstrates a high 
radial symmetry of less than 9μm (about 0.1% relative 
tolerance), describing better structural symmetry and 
surface quality than those without rotation in Table 2. 
Electrical characterization 

The experimental setup of mode characterization is 
shown in Figure 6. Frequency response test and the 
ring-down test have been demonstrated for evaluating 
mode characterization. The resonator is tested in the 
vacuum chamber. In our implementation, a total of 8 
electrodes are used to drive and sense the n = 2 wineglass 
modes. 4 electrodes are designated as forcer and pick-off 
for drive mode (Vd)and sense mode (Vs) separately. The 
readout is outputted using any of the 8 traces (Vo)that 
extend from the central anchor point. Two differential pairs 
have been designed for forcer and pick-off channels. AC 
driving signal is produced by the oscillator subsystem 
(OSC) of the frequency response analyzer (NF FRA 5087). 
The resonator is excited by the signal modulated by 
high-frequency carrier signal. The charge amplifier is used 
to convert capacitance variation of pick-off electrodes into 
AC output signal. After getting through high-pass filter, 
amplifier, demodulator and low-pass filter, the output  
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Figure 6: Block diagram of the experimental setup for 
electrical characterization. 
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Figure 7: Ring down time of MSR with T-shape masses 
measured in the vacuum chamber at fn=2 = 6904.4Hz and 
6916.5Hz, τ =0.94s and 1.7s, Q =20.39k and 36.94k, which 
reveals only a frequency mismatch of 0.175%. 
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A	non-circular	stem	results	in	low	Q,	likely	due	to	increased	anchor	loss.	
Fused	silica	is	viscous	during	reflow;	molding	slowly	produces	a	circular	anchor.

Optimized	Molding	SpeedMolded	Too	Fast

∼1	sec ∼5 sec

Thermoplastic	holds	the	shell	in	place	during	polishing.	A	smooth	rim	helps	
achieve	a	high	quality	factor	by	reducing	micro-cracks	and	thermoelastic	
dissipation.	Switching	from	Thermoplastic	A	to	B	produces	far	better	results.	
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